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Abstract: Since the breakthrough by Kodak in 1987, organic light-emitting diodes (OLEDs) have been seen
as one of the most promising technologies for future displays. A number of materials have been developed
and improved in order to fulfil the requirements of this application. The materials differ from one another
by their structure but also by the mechanism involved in the electroluminescence produced (fluorescence
versus phosphorescence). When properly stacked, these materials result in a device that can achieve the
required high efficiency and long lifetime. Such red, green and blue devices can then be combined in
matrices to become the core of a display. Building up these structures onto a display backplane is one
of the challenges facing the industry. The circuitry for driving the pixels can be adapted to the OLED,
sometimes at the expense of the simplicity of the display, but bearing in mind that the fabrication process

must remain industrially viable.
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INTRODUCTION

During the last two decades, organic light-emitting
diodes (OLEDs) have attracted considerable interest
owing to their promising applications in flat-panel
displays by replacing cathode ray tubes (CRTSs) or
liquid crystal displays (LLCDs). Electroluminescence is
the emission of light from materials in an electric
field, and in the 1960s! this phenomenon was
observed from single crystals of anthracene. Despite
the high quantum efficiency obtained with such
organic crystals, no application has emerged owing
to the high working voltage required as a result
of the large crystal thickness and poor electrical
contact quality. Nevertheless, these studies have
led to a good understanding of the basic physical
processes involved in organic electroluminescence,
i.e. charge injection, charge transportation, exciton
formation and light emission. A first breakthrough
was achieved in 1987 by Tang and Van Slyke? from
Kodak when they reported efficient and low-voltage
OLEDs from p-n heterostructure devices using thin
films of vapour-deposited organic materials. Another
development of technological interest was the 1990

discovery of electroluminescence from polymers at
the University of Cambridge.> The key advantages of
OLEDs for flat-panel display applications are their
self-emitting property, high luminous efficiency, full-
colour capability, wide viewing angle, high contrast,
low power consumption, low weight, potentially large
area colour displays and flexibility. Several approaches
have been described to build full-colour displays,* such
as side-by-side patterning of discrete red (R), green
(G) and blue (B) sub-pixels, RGB tuneable pixels,
filtering of white OLEDs, down-conversion of blue-
emitting OLEDs or filtering of broad-band-emitting
OLED:s.

In this paper, after some general considerations, an
overview of materials and device structures is pre-
sented with particular focus on electroluminescence
efficiency and device lifetime. The display technology
is then discussed.

MATERIALS AND DEVICE STRUCTURES
The basic structure of an OLED consists of a thin
film of organic material sandwiched between two
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Figure 1. Basic OLED device structure.

electrodes, as depicted in Fig. 1. Organic electrolu-
minescent (OEL) materials, based on m-conjugated
molecules, are almost insulators, and light is produced
by recombination of holes and electrons which have to
be injected at the electrodes. The anode is transparent
and is usually made of indium tin oxide (ITO), while
the cathode is reflective and is made of metal. The
thickness of the organic layer is very thin, between 100
and 150 nm. When a voltage is applied between the
electrodes, charges are injected in the organic material,
holes from the anode and electrons from the cathode.
Then, the charges move inside the material, generally
by hopping processes and then recombine to form
excitons. The location of the recombination zone in
the diode is a function of the charge mobility of the
organic material as well as of the electric field distri-
bution. After diffusion, the exciton recombines and a
photon is emitted.

The colour of the photon is a function of the energy
difference between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) levels of the electroluminescent
molecule. The wavelength of the light emission can
thus be controlled by the extent of the conjugation
in the molecule or the polymer. For efficient hole
injection from the anode, a low barrier is required in
respect of the HOMO level of the organic material
(typically 5-6eV). ITO is usually used for the anode
because of its high work function as well as its good
transparency in the visible range. Hole injection is
further enhanced by oxygen plasma treatment of
the ITO.>% On the cathode side, a low barrier
for electrons is needed in respect of the LUMO
level of the organic material (typically 2-3eV).
Low work function metals such as Ca and Mg are
required but they are very sensitive to moisture, and
more stable cathodes have been introduced, such as
Mg/Ag alloys’ or Al in combination with alkali metal
compounds.® A thin LiF layer’ !! (~1nm) capped
with a thicker Al layer is widely used as the cathode,
and many other insulating layers such as CsF,'? MgO,°
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Figure 2. Typical /I-V-L characteristics of OLEDs (a) and luminance
versus current density (b). The inset in (a) shows the current and
luminance thresholds.

Al,O3!3 and NaCl'* have been studied in order to
enhance electron injection. For the LiF/Al cathode, the
electron injection enhancement has been explained by
various mechanisms, such as a tunnelling effect, band
bending at the metal/organic interface, the formation
of interfacial dipoles or chemical dissociation of
the LiF layer during Al evaporation. The typical
I-V-L (current-voltage-luminance) characteristics of
OLEDs are shown in Fig. 2(a). Above the threshold
voltage, the current increases exponentially and light
is emitted. Generally, the luminance is proportional
to the current density (Fig. 2(b)), indicating that the
quantum efficiency is constant over a wide range of
current.

Two types of electroluminescent materials are used:
small molecules (SM-OLED) and polymers (PLED).
The electroluminescence performance is generally
very similar for the two classes of material and
the main difference is the deposition process of the
thin organic film. While SM materials are generally
deposited by evaporation under vacuum (referred to
as a ‘dry process’), PLED materials are processed
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from solutions (a ‘wet process’). Devices based on
SM materials allow more layer engineering and
more sophisticated architecture compared with PLED
devices. In organic materials used for OLEDs, the
intrinsic density of charge is very low (~1071°cm™2),
but it is possible to increase the conductivity by
doping the host material with acceptor or donor
species in order to create charge carriers. It has
been demonstrated that the luminous efficiency of
OLED devices can be significantly improved by
doping the hole transport layer with a strong electron
acceptor.!>10

The efficiency of an OLED is characterized by
its quantum efficiency, the current efficiency in
cd A~! (1) or the luminous efficiency (7p) in Im W~!.
For the quantum efficiency, two different parameters
have to be taken into account: the external quantum
efficiency (nex:) and the internal quantum efficiency
(Mint) - Nexe 18 defined as the number of emitted photons
divided by the number of injected charges, is given
by:”

Next = NPt X Nout = NintNout

where 7, is the probability that holes and electrons
recombine to form excitons. Owing to the low
mobility of the charge carriers, the probability of
charge recombination or exciton formation in organic
materials is nearly equal to 1. Nevertheless, the
efficiency of OLEDs is determined to a significant
extent by the efficiency of electron and hole injection
into the organic layers, and in order to maximize
n: a good balance between the two types of charge
is desired. ¢ is the fluorescent quantum efficiency
or the fraction of excitons that decays radiatively. In
organic materials, and particularly in doped systems,
the ¢¢ can approach 100 %. x is the probability
for radiative decay to occur, and generally only
singlet excitons emit light. According to spin statistics,
the fraction of singlets is x = 1/4.'® It has been
reported that for polymer materials, x could take
higher values.!® Nevertheless, as will be discussed
later in the paper, certain particular triplet emitters
containing a heavy atom can allow singlet to triplet
energy transfer through intersystem crossing, which
leads to highly efficient devices where 100 % of the
excitons can produce light, in contrast to only 25 % in
conventional fluorescent devices. 1oy 1s the fraction of
photons that can escape the device and is limited by
waveguiding in the device layers and the substrate. It
has been demonstrated that in planar structures such
as OLEDs?® 55y &~ 1/(2%?) with n being the refractive
index of the organic material and assuming n = 1.7
(typical of organics used in OLEDS), 714y, is typically
around 17 %. In conventional fluorescent OLEDs, the
maximum external quantum efficiency is thus limited
to 5 %.

The current efficiency (1), expressed in cd A7}, is
another way to characterize the quality of a device
and represents the ratio of the luminance (L) to
the current density (¥) flowing into the diode. The
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luminous efficiency (np) expressed in ImW~! is the
ratio of the optical flux to the electrical input and is
given by:
Ln b4
np = v =1L v
where I is the working voltage.

Thus, devices with high luminous efficiency have to
combine high quantum (or current) efficiency with
a low working voltage. Note that 5 and np are
functions of eye sensitivity (photopic response), which
is maximum in the green range and therefore the
current or luminous efficiency is lower in the blue and
the red part of the spectrum in comparison with green,
assuming devices with the same quantum efficiency
and working voltage.

Materials and efficiencies

The main requirements for OLED materials are high
luminescence quantum yield in the solid state, good
carrier mobility (both n and p type), good film-
orming properties (pinhole free), good thermal and
oxidative stability, and good colour purity (adequate
CIE coordinates). The first generation of efficient
devices, pioneered by Tang and Van Slyke? from
Eastman Kodak, was based on fluorescent materials.
In this case, the emission of light is the result
of the recombination of singlet excitons, but the
internal quantum efficiency is limited to 25 %. Typical
examples of fluorescent RGB materials are shown in
Table 1.

The second generation uses phosphorescent mate-
rials where all excitons can be converted into emissive
triplet states through efficient intersystem crossing.
Such materials are up to four times more effi-
cient than fluorescent materials. The presence of
heavy atoms such as iridium or platinum increases
spin—orbit coupling, favours intersystem crossing and
allows radiative triplet transitions. Baldo er al.>® were
the first to report the use of green phosphorescent
dye to increase the device efficiency. Highly efficient
green and red electrophosphorescent emitters have
been demonstrated with internal quantum efficiencies
approaching 100 %.21:3?> The highest luminous effi-
ciency of 701m W~! reported up to now was obtained
by Ikai ez al.?? using tris(2-phenylpyridine)iridium (I1I)
(Ir(ppy);) phosphorescent dye in an improved device
structure. Phosphorescent materials have also been
used in polymer technology (wet process).>*

The materials used for OLEDs are amorphous or
semi-crystalline films. For SM-OLED, typical p-type
materials are derivatives of triarylamines, and n-type
materials consist of derivatives of metal chelates such
as tris(8-hydroxyquinolato)aluminium(III) (Alqs), tri-
azoles or oxadiazoles. The efficiency is improved by
doping the emitting layer with various organic dyes
as shown in Table 1. Generally the doping rate is
about 1-2 wt% and this solution has been widely
used to tune the colour and to improve the device
lifetime. It has been demonstrated that by doping
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Table 1. Typical RGBW electroluminescence characteristics of SM-OLEDs based on fluorescent materials

CIE Efficiencies
Colour Material X y Next (%) cdA™! Imw~" Reference
Blue DSA-doped DPVBI - — 2.4 2.8 1.5 21
BCzVB-doped CBP 0.15 0.16 2.6 3.5 — 22
BCzVB-doped DPVBI 0.15 0.14 5.7 7.0 — 23
DPVBI 0.16 0.14 — 1.8 1.1 24
SAlq 0.17 0.19 3.0 6.9 2.0 25
Green Algs — — 1.3 — — 7
QA-doped Algs — — 3.0 — — 26
coumarin-doped Algg — — 2.5 — — 7
Algs 0.39 0.55 - 2.6 — 27
DMQA-doped Algs 0.39 0.59 — 7.3 — 28
Red DCM-doped Algz — — — — — 7
DCJTB-doped Algs 0.64 0.36 — 2.5 0.9 29
DCJTB- and rubrene-doped Algs 0.64 0.35 — 3.2 1.2 29
White DPVBI/Algs 0.28 0.34 - 4.7 2.9 24
DCJTB-doped SAlq 0.33 0.39 2.0 6.6 2.3 25
PAP-ph + Alg3 + DCM-doped Alg3 0.35 0.34 1.9 3.9 2.0 29

Algg = tris(8-hydroxyquinolato)aluminium(lll).
BCzVB = 4, 4’-(bis(9-ethyl-3-carbazovinylene)-1,1"-phenyl.
CBP = 4, 4'-N, N'-dicarbazole-biphenyl.

DCJTB = 4-(dicyanomethylene)-2-t-butyl-6(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran.

DCM = 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran.

DMQA = N, N'-dimethylquinacridone.
DPVBI = 4, 4'-bis(2,2'-diphenylvinyl)-1,1’-biphenyl.
DSA = distryrylarylene.

PAP-ph = 1,7-diphenyl-4-biphenyl-3,5-dimethyl-1,7-dihydrodipyrazolo[3,4-b;4’, 3'-e]pyridine.

QA = quinacridone.
SAlg = bis(2-methyl-8-quinolato)-(triphenylsiloxy)aluminium(lll).

the host Alq; with various guest molecules such
as coumarin 540 (C540), 2,4-bis(dicyanomethylene)-
6-(p-dimethylaminostyryl)-4H-pyran (DCM1) or [2-
methyl-6-[2-(2,3,6,7-tetrahydro-1H,5H-benzo[jj]
quinolizin-9-yl)ethenyl]-4H-pyran-4-ylidene]pro-
panedinitrile (DCM?2), the electroluminescence effi-
ciency can be improved by a factor of two at least.”
Furthermore, by using these dopants, a wide range
of colours from greenish-blue to orange-red can be
obtained.

Device structures

The historical evolution of OLED architectures is
shown in Fig. 3. For SM-OLEDs an increase in
the complexity of the devices has been reported in
the literature. The first studies on anthracene in
the 1960s used a simple monolayer structure, and
since the breakthrough of the Kodak group, more
and more layers have been used with specialized
functions such as the hole injecting layer, hole
transporting layer, hole blocking layer, emitting layer,
and electron transporting layer. It has been shown
that the electroluminescence efficiency of OLEDs
can be increased by carrier or exciton confinement
within a multilayer device.?®>2% The confinement of
charge carriers can increase the capture of carriers, and
the confinement of excitons can improve the energy
transfer from the host to the guest. In comparison,
the PLED technology uses a more simple structure
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which consists of two or three polymer layers only.
More recently, a very promising approach for low-
power display technology has been demonstrated
by Leo’s group?” at the University of Dresden by
combining electrically doped transport layers and
a phosphorescent-doped emitting layer in a diode
structure called a p-i-n junction.

In most reported device structures, the light is seen
from the substrate side (bottom emission) but it is
also possible to build devices where the light escapes
from the last deposited layer®®2° (top emission). The
top-emitting OLED structure allows easier integration
with backplane electronics such as silicon active-matrix
addressing, but requires the use of a transparent
top electrode instead of a classical opaque thin
metal cathode. Many research groups are currently
investigating highly transparent top electrodes, and
the most advanced and reliable technology is based
on a thin semi-transparent metal electrode instead of
ITO deposition, which is difficult to implement for
large-area devices such as displays. A top-emitting
structure based on inverted organic layers (anode as
top electrode) has recently been demonstrated by
Dobbertin et al.** The OLED stack is protected by
a thick pentacene layer before ITO (anode) deposition
in order to reduce organic layer damage induced by the
sputtering process. Such an inverted OLED structure
allows the use of n-channel field-effect transistors for
pixel driver backplanes in active-matrix displays.*!
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Efficiency and stability
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Figure 3. Evolution of OLED device structures (HIL = hole injecting layer, HTL = hole transporting layer, EML = emitting layer, HBL = hole

blocking layer, ETL = electron transporting layer).

As in the case of inorganic semiconductors, organic
multiple-quantum-well (MQW) structures have also
been fabricated consisting of alternating layers of
doped and undoped organic material.#>~%* It has
been shown that the MQW structure can efficiently
control the hole—electron balance and thus improve
both the device efficiency and lifetime. MQW devices
have a shorter emission peak wavelength and a
narrower FWHM (full width at half~maximum) of
the electroluminescence spectrum compared with the
conventional structure. Their better performance is
explained by the confinement effect due to the
MQW structure. Very recently, a new structure, called
tandem OLEDs, using multiple electroluminescence
units connected in series by using a doped p-n junction
have been fabricated.*> The luminous efficiency and
the driving voltage have been found to scale almost
linearly with the number of connected units and values
as high as 32 and 132cdA™! have been obtained
for devices using a fluorescent or a phosphorescent
emitter, respectively.

Lifetime and device stability

Device stability is an important issue for an emissive
technology such as OLEDs, and particularly differen-
tial ageing of the three primary colours. Despite the
absence of any standardized measurement method, the
device lifetime is usually defined as the mean time to
half-brightness. It is generally assumed that for display
applications, except probably for portable electronics,
a lifetime of over 20 000 h with a reasonable brightness
level of at least 100 cd m~2 is necessary. Neverthe-
less, as discussed later in this paper, to achieve such
a level of display brightness, the luminance of each
pixel needs to be much higher, and it has been widely
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shown that the lifetime of OLEDs drops dramatically
for high luminance values. Degradation phenomena
occur both under operating conditions and while the
device is in storage, and result in a decrease in device
luminance and an increase of the working voltage
over time for a constant current density value. Three
distinct degradation mechanisms have been identified
in small-molecule-based OLEDs:* dark-spot degra-
dation, catastrophic failure and intrinsic degradation.
While the first two degradation modes can be rea-
sonably solved by means of adequate control over the
device fabrication conditions (clean room, glove-box,
encapsulation), the intrinsic degradation mechanism is
more challenging and still remains an issue for OLED
technology and particularly for the blue colour. Sig-
nificant activity is taking place in order to improve
device lifetime by using new materials that are resistant
to oxidation and by developing efficient encapsula-
tion processes. High glass transition temperature (75)
materials are desired in order to get stable devices
under operation. Lifetimes now reported in the lit-
erature for the most advanced first generation RGB
materials (fluorescent SM materials and polymers) are
well over 20000h at room temperature and at least
for luminance up to 100 cdm™2. Nevertheless, the
blue lifetime remains weaker (particularly for polymer
materials) which could cause a red shift of the display
due to differential ageing of RGB colours. Typical
lifetime values are shown in Table 2 for the second
generation of materials.*” Efficient and stable blue
phosphorescent materials are not yet available and
remain a challenge for the chemist.

One has to keep in mind that the lifetime drops
dramatically with increasing temperature, and most
of the prototypes developed so far have a lifetime

Polym Int 55:572-582 (2006)
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Table 2. Current performance of new phosphorescent materials (data from Hack and Brown*”)

CIE
Colour Current efficiency (cdA™") Lifetime (h) X 1%
Red 15 (at 500 cdm—2) 22000 (at 500 cd m™2) 0.65 0.35
Green 29 (at 1000 cd m—2) 20000 (at 1000 cd m—2) 0.31 0.64
Blue 19 (at 100cdm™2) <1000 (at 200cdm™2) 0.19 0.21

of 6000—8000h at room temperature, which is not
high enough for more demanding applications such as
television or computer displays. In contrast to other
display technologies, OLED displays can be fabricated
on flexible substrates but so far such flexible devices
have not reached the market owing mainly to their
limited lifetime. Effective encapsulation (both on the
bottom and top side of the device) of flexible OLED
displays is still an industrial challenge. A review of
thin-film permeation barrier technology for flexible
OLEDs has been published recently.*®

DISPLAY TECHNOLOGY

Since the mid-1980s, these organics materials have
been seen as a key component of a promising display
technology likely to challenge liquid-crystal displays
(LCDs). One of the characteristics of an LCD or
an OLED display compared with a cathode-ray tube
(CRT) is the layout of its active area consisting of
pixels which form the images in an off or on state. The
main feature of an OLED pixel is that it is an emissive
device which can be switched off and be completely
black, whereas a liquid crystal pixel is a transmissive
device which does not allow complete occultation
of backlight. Nevertheless, these two devices have a
number of similarities that can pave the way toward
OLED industrialization.

Passive-matrix displays

In the simplest case, a pixel is defined by the cross-
over area of linear electrodes deposited on each side
of the liquid crystal or of the emissive material in
the case of an OLED. In such a configuration, the
electrodes are oriented 90 ° from each other as shown
in Fig. 4.

In the addressing method used for such matrix
displays, each line is selected during a period of 7/N,
where T stands for the frame time and N for the
number of lines of the display. During this period
all the necessary pixels are activated according to
the image content. Then, the next line is selected.
In the case of a transducer without memory, it is
necessary to refresh the image at a rate of at least
50Hz in order to avoid any flickering effect. The
frame time should then be less than 20ms. The
electrodes of a given pixel are shared with all the
pixels of the same line and of the same column,
and the voltage applied to it is controlled during
the period in which the line is selected. For the
rest of the frame time, the pixel may be subject to
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Figure 4. Principle of a passive-matrix display.

parasitic signals. Slow-response transducers (such as
liquid crystals) are especially sensitive to such an effect,
which alters the display contrast. One can demonstrate
that for displays of more than 100 to 200 lines** the
resulting contrast is not acceptable. In the case of fast-
responding transducers (such as OLEDs), the issue
lies in providing the pixels with the necessary current.
In order to produce the desired luminous effect during
a period of T/N and over a given column of pixels,
it is necessary to increase the current level (and hence
the voltage) proportionally to the number of lines (as
an order of magnitude, for a display of 240 lines and
an expected average luminance of 100cdm ™2, the
peak luminance required would be 24 000cdm™2).
This leads consequently to high power consumption
(varying with the square of the voltage) and huge
resistive losses in the columns on one hand, and stress
and damage of the pixels (because of the high current)
on the other hand.

Active-matrix displays

An alternative to the passive-matrix approach is active-
matrix addressing, where each pixel is defined by its
own electrode and driven by circuitry comprising a
thin-film transistor (TFT) and capacitors, as depicted
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Figure 5. Principle of an active-matrix display.

in Fig. 5. The ‘active’ material (LCD or OLED) is
then placed on top of this active-matrix circuitry and
the counter electrode, which is not patterned, acts as
a ground electrode. In such a device the capacitor
is aimed at retaining the information during a frame
period. In spite of the difficulties of fabrication of such
matrixes, this technology is already widespread in flat-
panel displays (FPDs) and is justified by the growing
demand for large and high-resolution devices.

Addpressing circuitry

The basic pixel circuit for an OLED active-matrix
display consists of two TFTs and one capacitor
(whereas for an LCD pixel only one TFT is required).
As shown in Fig. 6, the switch TFT, T1 is used to
select the line as the drive TFT, and T2 controls the
value of the current to be delivered to the OLED. This
latter TFT is kept in operation during the whole frame
time by the voltage imposed by the capacitor. More
precisely, when T1 is operational, the data signal Va.
is imposed to the gate of T2 (V). Assuming that
T2 is operating in its saturation regime, the current
Iy is proportional to Vg (and so is the luminance of
the OLED, to a first approximation). Simultaneously,
V4ata 18 stored in the capacitor which will impose it
to T2, thus keeping the current constant during the
whole frame time. The main drawback of this simple
circuit is its sensitivity to the non-uniformity of the
TFT performance over the matrix; indeed, a variation
in the characteristics of the TFT in two neighbouring
pixels leads to different levels of luminance, which
is not acceptable. However, numerous pixel circuits
aimed at compensating these non-uniformities have
been designed and successfully implemented.’®~>2
These circuits split into two main categories according
to their mode of operation: the voltage-programmed
addressing schemes and the current-programmed
addressing one (NB: the terms ‘voltage’ and ‘current’
refer here to the operation mode of the circuit and not
to the operation of the OLED itself).
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Figure 6. Basic pixel addressing circuit in an OLED active-matrix
display. Vsupply = voltage of the power supply.

Amorphous silicon TFT versus polysilicon TFT

Most of the active matrixes fabricated nowadays for
active-matrix liquid-crystal displays (AMLCDs) are
made of amorphous silicon (a-Si) deposited on a
glass substrate by plasma-enhanced chemical vapour
deposition (PECVD). Once deposited, the silicon
layer (40—80 nm thick) is processed so that an array
of TFTs and capacitors is obtained. This first step
results in the deposition of an electrode which will be
put in contact with the liquid crystal or the OLED.
The field-effect mobility of such TFT's does not exceed
1cm?V~!s~!, (n-type TFT) but is sufficient to drive
an LCD pixel. These TFTs are known to be quite
uniform over the display area owing to the uniformity
of the a-Si itself.

However, owing to its higher electron and hole
mobilities, polycrystalline silicon (p-Si) has been
considered as a challenger to a-Si. The use of p-Si
allows for smaller sized TFTs, making them suitable
for high-definition display applications. Indeed, the
field-effect mobility of such TFTs can currently
reach 70-100cm?V~!s~!. The pixel aperture ratio
is larger than that of a-Si TFTs, leading to brighter
displays with lower power consumption. Moreover,
the pixel charging time decreases, facilitating a
wider grey scale range and a higher video rate. In
addition to these advantages of p-Si, the integration
of driver circuitry is even more significant. The
performance of p-Si TFTs allows simple circuits to be
integrated at the outside edge of the display, reducing
the number of interconnections and increasing the
reliability. In 1999, Toshiba reduced the amount
of internal connections on a 12.1 in XGA display
by 95 % by integrating certain functionalities on
the display. Overall, integration is seen as the
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technological improvement that will allow substantial
cuts in production costs. This capability is all the
more valuable considering that the electronics cost
represents a large percentage of the total cost in
the case of small displays. Therefore, the trend in
backplanes indicates that p-Si will be used in smaller
displays and a-Si will be used in larger ones.

The characteristics of LCD and OLED displays
differ from each other at that point. Indeed, an LCD
is voltage-driven whereas an OLED display is current-
driven. In other words, in an LCD display, a voltage
is applied to the liquid crystal by a capacitor which
is charged through a TFT. In an OLED display, as
described above, the pixel is ‘actuated’ by the current
flowing through the OLED stack and provided via a
so-called drive TFT (see addressing circuit).

In LCDs, the TFT acts only during the time
necessary to charge the capacitor; in the second case,
the drive TFT is active during the whole frame time.
For OLED displays, the voltage applied to the TFT,
as well as its duty cycle, induce a degradation of
the a-Si and consequently of the TFT. Therefore,
p-Si is considered to be the more reliable material
for use in active-matrix OLED displays. However,
recent improvements in organic materials, which can
be operated at low voltage, are resulting in renewed
potential for the use of a-Si as a TFT core material.

High-temperature versus low-temperature p-St
p-Si is usually obtained by annealing a-Si. Performed
in a furnace, such a thermal process requires quartz
substrates able to withstand high temperatures. Since
the deposited silicon as well as the substrate are
processed in a high-temperature environment, the
resulting p-Si is called HTPS (high-temperature poly-
silicon). However the cost of these quartz substrates
limits their use to displays smaller than 6 in diagonal.
Excimer laser annealing (ELA), developed in the
1980s is now the most widespread way of annealing
a thin silicon film. Indeed, the laser pulse energy and
the incident energy density can easily be adjusted in
order to control the melting of thin films, keeping
the substrate at ambient temperature. Cheap glass can
then be used as substrate material. This technique
is known as the low-temperature poly-silicon process
(LTPS). Such a treatment consists of irradiating the
a-Si layer with an excimer laser (currently an XeCl
laser emitting a radiation at 308 nm in pulses of
25-30ns). The radiation is absorbed within 10 nm
by the a-Si, leading to its fusion. Once the whole
layer is melted, a solidification front is formed and
progresses from the bottom of the layer up to
the top, leaving a microcrystalline structure behind.
Depending on the irradiation conditions (mainly the
energy density), the size of the so-called Si grains
currently range from a few tens of nm up to 1 pm.>>=>°
The performance of the TFT is directly related
to this size. The main difficulty of this process is
in keeping the laser parameters stable in order to
obtain a uniform crystallization and, consequently,
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a homogeneous TFT matrix. As explained below,
this particular point has led to extensive research
aimed at overcoming this non-uniformity issue by
designing specific addressing circuits. In addition to
this uniformity issue, this process is said to be 50 %
more expensive than the a-Si one due to high capital
expenditure and low yield.

OLED deposition
Depositing the organic materials onto the substrate to
obtain red, green and blue pixels is a major challenge
facing the industry. The requirements include, among
others, accurate positioning and uniformity of the
deposition. Small molecules are currently deposited
by evaporation through a shadow mask, and polymers
are mostly dispensed by inkjet printing.

Conventional photolithography cannot be used to
pattern the pixels as the materials cannot withstand
such a process and the layers are too thin.

Evaporation and shadow masking

This method consists of placing the small molecule
materials in crucibles which are heated to 100-500 °C,
under vacuum, thus inducing the evaporation of the
organic powder. A thin (20—-100um thick) shadow
mask is placed above the crucible and the substrate
is set on top of it (Fig. 7). The mask bears holes for
one-third of the pixels. Once the stack of layers of
one colour is deposited, it is shifted by one pixel to
deposit the next set of pixels. In industrial equipment,
each layer is deposited in a different chamber. The

—
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| Substrate holder |

Vacuum Shadow mask

v

Heaters

: 2 =

Organic materials sources

Figure 7. Principle of small molecule deposition by evaporation.
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alignment of the substrate onto the mask should be
done with a precision of +£5um. The accuracy and
the handling of large shadow masks are among the
main limitations of this technique. In all cases that use
separate coloured emitters, a further problem is that
each colour may have a different lifetime, as noted
above. As one emitter ages faster than the others, the
display colour will become unbalanced.

Cost-wise, the maintained vacuum in the chambers
and the poor deposition efficiency of the point
sources are the main drawbacks. However, this
technique is now successfully employed in commercial
applications. In a search to improve the deposition
efficiency, systems have been designed in which the
substrate moves perpendicularly and close to the linear
evaporation sources. Such systems are not yet in use
in industry.

Inkjet printing

This technique is used to dispense polymer materials
which are soluble in a solvent. The solution is
dispensed onto the substrate through inkjet nozzles
(usually arranged by tens in a row). The droplets of a
few picolitres are injected relatively accurately at the
inkjet head. Although the positional accuracy of the
inkjet tip is approximately 5— 10 um, a slight shift in the
angle is likely to occur leading to positional error which
can be large compared with the pixel size. The problem
is solved by patterning the substrate. Polyimide banks
are built up around the pixel area, forming a well whose
bottom is the pixel electrode. These banks are made
water repellent and whereas the surface of the pixel is
made hydrophilic to prevent the droplet from sticking
on the banks and to ensure the pixel is filled properly
(Fig. 8). Once deposited, the droplets are dried, the
solvent is evaporated, and the film is formed. The
pre-patterning of the substrates that is required as well
as the difficulty in obtaining a uniform filling of the
pixel after drying are currently limiting the interest
in this technique, which is nevertheless considered to
be the only solution for large area deposition. Seiko
Epson and Cambridge Display Technology (CDT)
have been developing inkjet printing techniques for
OLED:s since 1996.

R G

Piezo ink jet head
Thin [ilm resistor

Hydrophobic banks

Angle of deviation

/currcml}- =10 mrad)
Before drying
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> ",

& .
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_-‘:;\ﬂcrdr_\'ing kY

fl’—(")\i x shrinkage) ff_\

Ink droplet
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(surface made hydrophilic)

Figure 8. Principle of polymer deposition by inkjet printing.

Colour generation

A number of approaches have been tried for producing
full-colour OLED displays, i.e. in fabricating red,
green and blue pixels. The challenge is not only
in patterning the pixels but also in having them
constantly emitting light in a given ratio corresponding
to a satisfactory white colour. This latter point relies
mainly on the intrinsic performance of the materials
themselves (typically their lifetime), but is the purpose
of the particular approach described below.

Red, green and blue individual pixels

In addition to the difficulties of depositing individual
pixels (see above), the shorter lifetime of the blue-
emitting materials burdens this approach. However,
the devices exhibit good optical performances since
the light emitted is directly seen (Fig. 9(a)).

Blue ematter and colour converters
This approach is simpler, since only one colour of
luminescent material is required.?? The blue-emitting

B R G B

(a) {b)

(c)

Figure 9. Principles of colour generation: (a) RGB individual pixels; (b) colour by blue emission and colour converters; (c) colour by white emission

and colour filters.
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structure is deposited first over the substrate and a red
and green colour converter film is then positioned
onto the display. No high-accuracy shadow mask
is required. However, due to losses induced by
conversion, the blue emitters must have high efficiency
or be operated at a high current, which limit its lifetime
(Fig. 9(b)).

White emitter and colour filters

This approach is similar to the previous one in so far as
the emissive layers are deposited over the whole area
of the display without any need to be patterned. Two
or more luminescent materials are used to create white
light, which is then turned into red, green and blue with
the help of a colour filter film. Again this technique
suffers from the loss through the filter (Fig. 9(c)).
Both the colour filters and the colour conversion films
can be patterned using the same photolithography
techniques developed for LCDs. The difficulties are
associated with the efficiency of the colour conversion
or the filtering. However, these two latter methods
are considered to be a solution to the degradation in
performance stemming from premature ageing of the
blue emitters.

A fourth arrangement was invented at Princeton
University and is being further developed by Universal
Display Corp. This is the stacked OLED (or SOLED),
in which each pixel contains red, green and blue
emitters separated by transparent contacts. The
potential advantage of the SOLED is a significant
improvement in resolution, but it still suffers from
brightness reduction.

Top and bottom emission

As the light is generated by the emissive layer in
all directions, the OLED can be equally designed
as bottom-emitting or top-emitting. In top-emitting
devices, light flows through the cathode whose
transparency limits the external luminance of the
device. In bottom-emitting devices, light flows through
the anode and, possibly, through the active backplane.
In this case, the light is not only limited by the
transparency of the anode but is also partially blocked
by the circuitry which is all the more limiting the
transmission as the addressing circuit bears more
TFTs. The top-emitting configuration is thus highly
preferable for a for-TFT pixel circuit, and bottom
emission is considered acceptable with a basic two-
TFT-based active matrix (Fig. 10).

CONCLUSIONS

At the end of the 1990s, OLEDs were seen as a
disruptive technology for the display industry. Some of
their advantages have now proven to be a breakthrough
compared with LCDs. Its thickness, currently less than
2mm (against 4—6 mm for LCDs), is one of them.
This will decrease further as thin-film encapsulation
will replace the glass or metallic lid currently used.
The colour gamut now covers 80 % of NTSC and the

Polym Int 55:572-582 (2006)

OLED technology: materials, devices and display technologies

el LA

- -

I @
Substrate -‘

Bottom emission

§ g bl v P w e e e

S
Figure 10. Top and bottom emission structures.
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high contrast ratio is also a strong point of OLED
technology. With regard to viewing angles, even
though those of LCDs have increased significantly
in recent years to reach 170° (but at a poor contrast
ratio), this is still a major advantage of OLEDs. For
high-speed video, OLED technology is also one step
ahead thanks to its fast response time (a few tens of
microseconds compared with milliseconds for .LCDs).
In terms of power consumption, which is crucial
for mobile applications, transflective and reflective
LCDs still perform well compared with the expected
performances of OLEDs. One of the disadvantages
of the organic materials is their individual lifetime:
even though this has increased in recent years to reach
about 10 000 h, it has to be improved further to prevent
differential ageing of the colours and image sticking.

While 2005 and 2006 are expected to be break-
through years for OLED technology in small- and
medium-size displays, with revenue forecasts of
$832million and $1.2billion, respectively (annual
increases of 147 % and 47 %, respectively), its pen-
etration will remain modest with about 5 % of the
market in 2007.3°
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