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Chapter 5
Active-Matrix Organic
Light-Emitting Displays

The dream is thus to put electronic circuir properties into
single molecules. Arrays of such molecules — possibly
connected by conductive-polymer wires — on molecular
scaffoldings would form molecular wafers. One may
speculate that reduced dimensions Jrom 200 nm 1o, say,
2 A, and the concomitant shrinkage in circuit size could
increase the speed and dynamic memory of computers by
.a factor of 108. Such progress would correspond to forty
years of computer technology development. Conductive
polymers may become crucial for the building of such a
molecular electronics world,

—B. Nord¢ and E. Krutmeijer in the announcement
of the 2000 Nobel Prize in Chemistry to A. J. Hee-
ger, A. G. MacDiarmid, and H. Shirakawa, for the
discovery and development of clectrically con-
ductive polymers

5.1 Iniroduction to OLEDs

Organic light-emitting devices {OLEDs) are one of the most rapidly developing
technologies in recent FPD history. Since the first appearance of OLEDs in the
market as a monochromatic car stereo display in 1997, wremendous research from
academia and industry has been performed to implement OLED-based display for
low-cost, small to medium, FPD applications. 120 According to the OLED display
industry’s 2003 report of Stanford Resources and Strategies Unlimited, the world-
wide OLED display market is expected to increase up to $2 billion (U.S.) by 2006.

OLEDs have several advantages over other FPD technologies: their Lambertian
self-emission property'® produces a wide viewing angle; their fast response time
(below microseconds) is a benefit for moving images; their high lurninous efficiency
and low operation voitage guarantee low power consumption by the display; their

55
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lightweight, very thin structure and robustness against external impacts are desirable
characteristics for portable display applications; their simple, low-temperature
fabrication process is cost effective; and their thin-film conformability on plastic
substrates renders them a promising candidate for flexible display applications.' 88
Furthermore, when OLEDs are driven by an AM driving scheme based on TFTs,
they can be used in high-resolution, large-size FPD applications such as laptop
computers and TV screens. Recently, many companies— Toshiba and Matsushita, '8
Kodak and Sanyo,'®! Sony,!*® Samsung SDI,'#* and Chi Mei Optoelectronics and
IBM Japan'*® have reported 15- to 24-in. active-matrix organic light-emitting dis-
play (AMOLED) prototypes with wide eXtended graphics array (WXGA) at 1200 x
768 resolution or eXtended graphics array (XGA) at 1024 x 768 resolution. The
specifications of these prototypes are summarized in Table 5.1.

Table 5.1 Specifications of AMOLED profotypes.

) Manufacturer
Specification Toshiba Kodak Sony Samsung Chi Mei Opto-
and and SDI electronics and
Matsushita Sanyo IBM Japan

Screen Size 17 15 24.2 15.5 20
(in.)
Resolution WXGA/ " WXGA/ XGA/ WXGA/ | WXGA/

1280 x 768 1280 x 720 1024 x 768 1280 x 768 1280 x 768
TFT poly- poly- poly- poly-silicon amorphous
Technology silicon silicon silicon silicon
Peak 300 cd/m? N/A > 200 cd/m? N/A | 500 cd/m?
Brightness
Ermissive polymer small small small small
Material molecule molecule molecule molecule

5.1.1 History of OLEDs

Electroluminescence (EL) is the process of causing light emission from the radia-
tive recombination of electrically created electrons and holes in organic materials.
The discovery of EL of organic crystals can be dated back to the 1960s.'36 How-
ever, these early EL devices utilizing organic materials required several hundred
volts and the light emission was inefficient.

During the late 1970s and early 1980s, the EL of organic thin films was
advanced by reducing the operating voltage down to several tens of volts. This
was achieved by subliming organic thin-films in a vacuum and using metal oxide
electrodes.'* 63 The efficiency of EL in organic materials was further improved
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by new device configurations and new emissive materials. A charge-transport layer
was inserted between the electrodes and the emissive material. Tang and Van Slyke
observed efficient green light emission from 8-hydroxyquinoline aluminum (Alg,)
by inserting a hole-transporting layer (HTL) of aromatic diamine between the active
material and the transparent ITO electrode.!> In the 1990s, polymeric materials
gained wide attention as strong candidates for light-emitting materials. Electro-
luminescence was observed in a layer of poly (phenylene vinylene) (PPV) sand-
wiched between two metallic electrodes when the device was sufficiently biased.*
The EL in polymeric materials is from the radiative recombination of the singlet exciton
across the T-1* energy gap. Greenham et al. made a major breakthrough by insert-
ing another polymer layer® having a band mismatch with the active polymer layer,
causing the injected carriers to be trapped at the interface and resulting in an efficient
charge recombination with a 20-fold enhancement of device quantum efficiency.

Overall, significant progress in OLEDs has been achieved in the last decade.
Material advancement has enabled fabrication of white light,*® blue light,!% vari-
able color,26 and polarized EL devices.>* The efficiency of OLEDs has also gained
from material engineering. Typical examples include the use of phosphorescent
organic material to enhance the internal quantum efficiency and the use of electro-
statically self-assembled multilayers to reduce the hole injection barrier height for
efficient carrier injection.!”-#!

5.1.2 OLED:s for displays

After decades of research, OLEDs have exceeded their inorganic counterparts in
light-emission performance. The light emission from OLEDs covers the full visible
spectrum. They are inexpensive to fabricate and can be patterned on both planar
and flexible substrates. Current research on LEDs made from organic semiconduc-
tors has shown high brightness and high power-conversion efficiency. Furthermore,
displays made using OLEDs overcome many disadvantages associated with tradi-
tional LCDs. As discussed in Chapter 4, the disadvantages of LCDs include a nar-
row viewing angle and a slow response time of the LC molecules. Because OLEDs
are emissive devices, components such as the backlight, polarizers, and top glass
necessary in LCDs are not needed in OLED displays. OLED displays have a wide
viewing angle, high brightness and contrast ratio, high visibility, light weight, and
very thin structure. Moreover, the fast electronic response time and high lumines-
cent efficiency associated with light-emitting organic materials allow high scan
rates and low-power operation. All of these features make OLED-based displays
very attractive,
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5.1.3 OLED structures

A diode structure, in which the organic semiconductor is sandwiched between two
electrodes, is the most commonly used scheme for LEDs (Fig. 5.1). It is specu-
lated that the electrons in this configuration are injected into the organic material
from a metal electrode (cathode), and holes are injected from the ITO electrode
(anode) because ITO is n-type material. The authors think that electron extraction
at the anode electrode is responsible for holes creation within organic layers. The
injection of carriers from a metal into an organic material can generally be mod-
eled by two theories: the Fowler-Nordheim (FN) model for tunnelling injection®’
and the Richardson-Schottky (RS) model for thermionic emission.'3® 1% The FN
model considers the carrier injection as a process of carrier tunnelling from the
metal through a triangular barrier into unbound continuum states, and ignores
image charge effects that cause barrier lowering. The RS model assumes that a
carrier from the metal can be injected once it has acquired enough thermal energy
to surmount the potential maximum that results from the superposition of the
external and the image charge potential.

Inelastic scattering of the carriers before travelling through the barrier maxi-
mum and tunnelling effects are not considered. However, in a real LED, the maxi-
mum of the electrostatic potential is located several nanometers away from the
interface.? Ignoring this significant barrier lowering at the interface in the FN model
makes it problematic. For organic light-emitting solids, the inelastic carrier scattering
inside the potential well is important and cannot be ignored. This makes the appli-
cation of the RS model insufficient to account for the physical process of carrier
injection. Due to these deficiencies in the FN and RS models, Arkhipov et al. have
come up with a theory that describes injection in similar terms as photo-conduction
in organic solids. In the first step, charge and image charge pairs close to the inter-

ive

Figure 5.1  Schematic of an OLED. An ITO electrode is used for hole injection, and a
metal electrode is used for electron injection. The emissive organic material is separated
from direct contact with the electrodes by a hole-transport layer {HTL) and an electron-
transport layer (ETL).




Adtive-Matrix Organic Light-Emitting Displays 59

face between the electrode and the organic are generated with the assistance of tem-
perature and electric fields. The pair can fully dissociate in the course of a diffusive
process, which is also temperature- and field-assisted. The model calculation gen-
erates results in good agreement with experimental results.® In order for the carriers
to be efficiently injected, the contact between the electrode and the organic are
made ohmic, which has a Schottky energy barrier of less than about 0.3 eV.

After the two types of carriers (electrons and holes) are created within the
devices, they will drift/diffuse and recombine with each other along their diffusion
pathway. The mobility of carriers plays an important role in the light-emission
process. If the mobility is very low—much smaller than the 1 cm?/Vs that is typi- -
cal for organic semiconductors—the injected catriers pile up near the interface
between the electrodes and the organic, and the radiative recombination rate is
slow. For an optimized device, the electron and hole creation and transport should
be balanced for a maximum recombination current and the highest power-conver-
sion efficiency. A mode! that takes into account charge injection, transport, recom-
bination, and space charge effects in organic materials has yielded an accurate
solution for LEDs, with ohmic contacts for both electron and hole injection and
high-mobility materials for balanced carrier transport.*’ In order to overcome the
low carrier mobility of organic semiconductor materials, practical LED devices
contain an ETL and an HTL that separate the light-emitting layer from direct con-
tact with the electrodes. Figure 5.2 summarizes the typical internal quantum effi-
ciency achieved by selecting electrode and carrier transport materials.”!

Even though the emission efficiency is enhanced by incorporating electron-
and hole-transport layers, other factors such as carrier injection for blue light emis-
sion are still problematic due to the large band mismatch between the electrodes
and organic materials, especially for hole injection. Efficient electron injection can
be achieved by choosing low work function metals, such as Ca. For electron
extraction (or hole injection), one of the most suitable candidates is ¥TO (a high

100 —
Theoretical maximum {25%)

10— ITO/PPV/CN-PPV/AL

ITO/diamine-based HTL/Alq,/Mg.Ag
1 ITO/POPT/Ca
ITO/PPV/Ca

0.1 ITO/PPV/Mp:Ag

Percentage efficiency

THHTTT]

ITO/PPV/AL

0.01— ITO/PAT6/AL

Al(AL,WPPVIAI

0.001—

Figure 5.2 Typical internal quantum efficiencies for OLEDs. Reprinted from Ref. [70]
with permission of Elsevier.
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work function metal) for better light-emitting devices. However, by novel mole-
cular-scale interface modification through self-assembly, the carrier injection effic-
tency of ITO can be significantly improved.

In order to grow these electro-statically self-assembled layers, solutions of
polymeric ions are needed. The substrate on which the films will be grown is pre-
processed to have surface charges. The substrate is alternately dipped into the
polycation and the polyanion solutions to form the ionic-attracted polymer layers,
Ho et al. have devised a smart design of interface layers to control carrier (especially
hole) injection to achieve high EL efficiency in polymer OLEDs.8! The goal of the
ITO surface modification is to form stepped and graded electronic band profiles
between the electrode and the light-emitting polymer. It turns out that partially de-
doped poly(3,4-ethylenedioxythiophene): poly(4-styrenesulphonate) (PEDT:PSS)
composites have different ionization energies. To fabricate the graded profile,
PEDT:PSS composites are de-doped by hydrazine (N,H,) into different levels. The
ITO surface normally contains negative charge in solution due to dangling oxygen
bonds. By alternately dipping ITO substrate into polycationic poly(p-xylylene-c-
tetrahydrothiophenium) (PXT) solution and polyanionic PEDT:PSS solution with
various doping levels, an interface HTL forms. The final structure and schematic
diagram of the band profile of the interface layer are shown in Fig. 5.3. The abrupt
hole-injection (or electron-extraction) barrier between the ITO and the light-emit-
ting polymer are graded into several smaller barrier heights, which permit a much
easier carrier extraction from the light-emitting polymer. Such a scheme is
expected to be especially useful for blue light-emitting polymers with large ionization
energies. A green-emitting LED fabricated using this method yielded a 6% exter-
nal efficiency at a luminance of 1600 cd/m® and at a bias of 5 V. Another approach
to produce a similar effect is the insertion of the HTL between the ITO/PEDTiPSS
interface and the light-emitting layer (LEL). The bandgap of HTL is larger than LEL.

There is another factor that limits the theoretical maximum internal quantum
efficiency to 25%. When an organic material becomes excited through the optical
energy gap, it returns to ground state by two mechanisms: fluorescence and phos-
phorescence. These two radiative processes share the same general mechanism but
involve different excited states. A singlet state refers to a two-paired electron hole
with opposite spins. A triplet state refers to a two-paired electron hole with the same
spin. Fluorescence involves the transition from an excited singlet state to a singlet
ground state, and phosphorescence is the transition from an excited triplet state to a
singlet state.> 17

In OLEDs, the injected carriers have spins, hence their means of recombina-
tion determine the spin configuration of the exciton (electron-hole pairs). Only
25% of the generated excitons are in singlet states and can emit light, while the
other 75% become triplet excitons and decay through nonradiative pathways. This
puts a physical limitation on the internal quantum efficiency that can be achieved
in normal OLEDs. Baldo et al. have come up with a solution to harness the triplet
excitons to emit light by transferring excitonic energy from a host material to a
phosphorescent molecule and then to a fluorescent molecule that emits light.?
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Figure 5.3 (a) Schematic of the hole-injection interlayer between the ITO electrode
and the light-emitting polymer (top), and the chemical structures of the polymer (below).
The interlayer consists of five graded bilayers of PEDT:PSS/PXT films plus one PSS/PXT
bilayer formed by electrostatic self-assembly fechnique. {b} Schematic of electronic den-
sity of siates across a graded interlayer. Occupied states are shaded. Holes are frans-
ported fo the light-emitting material through graded lower effective barrier layers. An
electron-blocking sublayer fabricated from a lower-electron-affinity polymer is also
shown. Reprinted from Ref. [81] with permission of Nature/ Macmillan.

There are two primary mechanisms for the energy transfer. One, called Dexter
transfer, occurs over short distances and requires contact between the donor and
acceptor molecules. During the transition, the exciton retains its spin configuration.
Such an energy transfer is useless in terms of improving internal quanturn efficiency,
since triplet excitons are still forbidden to emit light. The second energy transfer
pathway is called Forster transfer and can change the exciton spin configuration.
This transfer does not require contact and can occur over a long distance. The dif-
ferent interaction ranges of the two energy transfer processes can be exploited to
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minimize Dexter transfer while maximizing Frster transfer. This situation can be
realized by placing the phosphorescent and fluorescent molecules in alternating layers
of the device. This can give an internal efficiency of fluorescence as high as 100%.
The fabricated fluorescent red OLED quadruples the device efficiency. The increased
efficiency reduces heating during light emission in the device and extends the lifetime
of the device, since high luminance can be achieved at lower current density.

5.1.4 EL organic materials

The properties of organic light-emitting materials are different in comparison with
the traditional inorganic semiconductors. Table 5.2 offers a comparison of inor-
ganic semiconductors with polymeric light-emitting semiconductors.” There are
two major categories of EL organic semiconductors: small molecules such as
Algs, and polymers such as PPV. The two categories have in common an extended
region of alternating single and double bonds in a carbon chain. In these regions,
electrons form covalent bonds evenly distributed—an effect known as “conjuga-
tion.” Electrons move more freely within the conjugated segments that are flat and
rigid. Conjugated materials have distinctively strong coloration because these p-
electrons can absorb light in the visible range. Conjugated regions can be affected
by extra charge introduced to or removed from the polymer chain by chemical
doping or charge injection (or extraction). Charge injection (or extraction) thus
gives rise to a change in absorption as the molecule slightly rearranges itself. The
color of emission is dependent on the positions of the atoms in the excited mole-
cule, which may be different from the ground state. Some common organic light-
emitting materials and their emission wavelengths are shown in Fig. 5.4.

Before the discovery of light-emitting polymers, small molecules such as 8-
hydroxyquinoline Al were studied extensively for OLEDs . These materials are
easy to purify and can be sublimed directly onto the device in a vacuum. Today,
polymers are becoming preferred in device applications since they are expected to
be more stable, particularly at high temperatures, and easier to process over large
areas. There are two types of polymers used in OLEDs: precursor and soluble.
Insoluble polymers, such as PPV, must be deposited in precursor form.3$ PPV pre-
cursors are soluble in methanol and water and are readily spin-coated as a thin
film onto an ITO-coated substrate. Heating then converts the precursor into the
fully conjugated polymer form.

The relative inertness and insolubility of the polymer make it particularly use-
ful for multilayered devices. MEH-PPV is an example of a soluble, conjugated
emissive polymer.!® The large side-groups attached to the phenyl ring cause the
* polymer to be soluble in common organic solvents such as chloroform, toluene, and
xylene. These bulky side-groups also make the polymer more amorphous and affect
the color of the films by contributing to the conjugation of the whole molecule.
Both precursor and soluble polymers offer advantages for inexpensive large-area,
thin-film deposition. Some of their properties such as color, mechanical strength,
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Tabie 5.2 Comparison of traditional and polymeric semiconduciors.

Feature Traditional Semiconductor Polymeric Semiconductor
Band gaps SilleV poly(acetilene) 1.4 eV
Ge 0.67eV PPV 22eV
GaAs 1.35eV MEH-PPV 2.1 eV
Relatively sharply defined Varies with polymeric segments:
these are minimum band gaps
Conductivity ¢ Doped silicon 1 PPV 107%™
Q' em! Intrinsic Si 0.0001 Doped poly(acetylene) max. 10°
Doping <10% cm™? in crystal structure Up to <10% cm™ in interchain sites
Typical dopant P, As, Sb, B (IV materials) L5, AsFs, SbClg, FeCl,, O,
Zn. Si (If1I-V materials)
MOblllIy i >1000 singlc Cl’_YSta.I. poly(ace[y[ene) >[0‘3
(em*Vs) o-8i0.1-10 PPV <1078
Densi_[y p (g cm‘3) §i2.33 PPV 1.24
Ge 5.32
GaAs 5.32
Preparation Grown from melt, Deposited from solution as thin film
sawn, and polished (polymer) or vacuum
sublirned {(small molecule)
Morphology Single crystal Disordered with tendency for mole-
cules to lie parallel to substrate
Purity Very high Polymer: low
Sublimed molecules: high
Transport 3D Quasi- 1D with 3D hopping to
neighboring chains
Charge Electrons and holes Electrons and holes localized as
polarons or bipolarons
Temperature —Ae/AT _ar™
dependence —€ o~
(Mott hopping)
Stability Good Poor
Diffusion of dopants Prone to photo-oxidation
High temperatures Permeable to gases
Surfaces Dangling bends No dangling bonds
Bulk Covalent bonding Molecules held by weak Van der
Waals forces
Atoms held covalently
Refractive index Si34 PPV is anisotropic: 2.2 and 1.7
GaAs 3.6

In GaAs 3.5
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Figure 5.4 EL emission at full width, half maximum (FWHM] of a typical polymer and
small-molecule light-emitting materials. Reprinted from Ref. [71] with permission of Elsevier.

and efficiency can be engineered by chemistry and processing conditions.*® Poly-
mer blends and copolymers with active side-chains provide a versatile way to mod-
ify properties of light-emitting polymers. Unlike PPV or MEH-PPV, which have
conjugation extended along the entire potymer backbone, active segments may be
incorporated into an inert polymer either in the main chain or attached as side
chains.'®" 17% The material will have most of the properties of the parent polymer
rather than these active segment molecules. The weakening of the EL effect due to
dilution of the active segments can be balanced by an increase in quantum effi-
ciency that arises from an increased separation between active regions.

The biggest hurdle for OLED application in consumer-grade displays lies in
the potential instability of the device. Device properties may degrade in a compli-
cated manner as a result of exposure to light, water, and oxygen molecules. The
mechanisms of property degradation include the corrosion of contacts, the presence
and migration of impurities, and the emissive material degradation. In most cases
devices fade with time but maintain the same spectral distribution. On a micro-
scopic level, dark spots and regions often appear, corresponding to pinholes and
exposed edges of the cathode electrodes. Higher temperatures promote degradation
and catastrophic failure, and are sometimes associated with local “hot spots.” More
details on device stability and encapsulation will be discussed later in this chapter.
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5.2 Evaluation of Device Opto-Elecironic Performance

Since different OLED materials and device structures affect device performance,
it is necessary to characterize the OLED light output properties in order to develop
high-performance OLEDs. The most common parameters that are used to describe
the device performance are luminance (cd/mz), luminous efficiency (lumen/watt),
emission efficiency (cd/A), quantum efficiency, and lifetime. The brightness of
OLEDs determines its application range, and the device luminous efficiency indi-
cates the power conversion ratio and the power consumption of the device.

It is known that the ermission from OLEDs is close toa Lambertian emission,
especially for small angles from the normal direction to the device surface. During
the evaluation of the total luminous flux of the device, it is important to have a very
small surface area at the detector and a large separation between the detector and
the emissive surface in order to utilize the integration of Lambertian profile to get
the total luminous flux. A silicon photodiode can be used as 2 detector. However, a
silicon photodiode cannot resolve spectra, and thus can only be used in measuring
the total luminous flux and luminance of the emissive device. In order to obtain the
spectral distribution of the radiant power, luminance, luminous flux, and photon
emission, a calibrated spectrometer must be used. The resulting spectral curves rep-
resent the complete properties of the light emitted from the source, but also provide
an accurate description of the physical properties of the device such as the EL exter-
nal quantum efficiency. It is convenient to use a CCD camera to capture the spectral
information of the emitted light.” The CCD camera needs to be carefully cali-
brated because the CCD’s spectral response is different at different wavelengths,
and this effect needs to be considered during the processing of the acquired spectral
response. Once this spectral distribution of energy is obtained, the external quantum
efficiency can be calculated using

[Pavsp(Myar
J/e '

N phoron  _
N

electron

Tle = (51)

where sp(A) is the measured spectral response from the CCD, P(}) is the calibra-
tion spectra of the CCD, and J is the applied current density.

5.3 Device Configuration and Display Fabrication

In this section, we discuss some of the OLED pixel and subpixel structures and
fabrication processes that have high potential to be used in full-color FPDs. We
begin with the basic structure of a conventionat OLED and then move to more
exotic pixel structures.
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5.3.1 Conventional OLED

The basic structure of a conventional OLED is shown in Fig. 5.5(a). A minimum of
two thin-film organic layers is required. The first layer is the HTL, and the second
layer is the electron-transporting, light-emitting layer. In some cases, a third organic
thin-film is used, as in Fig. 5.5(b). For this structure, the first layer is the HTL, the
second thin-film is the LEL, and the third layer is the ETL. In each case, the bot-
tom, hole-injecting (or electron-extracting) electrode is usually made of conductive
ITO sputtered onto the glass substrate. The ITO electrode is transparent to visible
light, and therefore, light is emitted through it when the OLED is forward-biased.
The top, electron-injecting electrode (cathede) is usually a vacuurm-evaporated,
low work function metal or metal alloy such as Mg-Ag or Li-AL? The organic lay-
ers consist of proper combinations of either small organic molecules or organic
polymers. In the case of small molecuies, the thin films are deposited by thermai
evaporation in a vacuum. For the polymer-based OLEDs, the preferred method of
deposition is spin-coating or ink-jet printing. This is a bottom light-emitting
device structure. Since most of the organic materials used are sensitive to air,
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Figure 5.5 Conventional OLED structure. Reprinted from Ref. [38] with permission of
the IEEE.
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some form of encapsulation or passivation is usually required to reduce degrada-
tion by the formation and growth of dark-spot defects.'®?

5.3.2 Side-by-side subpixels

Figure 5.6(a) shows a side-by-side individual R, G, and B subpixel scheme, which
resembles CRT arrangements. In this simple approach, each OLED subpixel
requires a different light-emitting organic material. Therefore, arrays of each type
of OLED must be deposited and patterned independently. This requirement may
give rise to problems; for example, the patterning of one of the organic layers can
cause a previous layer to swell due to the organic solvents used in the photolitho-
graphic processes, or to deteriorate due to the relatively high processing tempera-
tures used in the etching process.’® However, by using the side-by-side pixel
scheme, 300-dpi displays have been fabricated.”®

Some fabrication technigues can be used to overcome these fimitations. One
technique, described by Burrows et al..3® uses dielectric “walls” that have been
patterned on the substrate to separate each subpixel and to shadow two of the three
subpixels from the unwanted thermal deposition of the light-emitting material. By
tilting the substrate for each of the three organic layer growths, R, G, and B organic
material can be grown in separate areas, thereby providing three distinct subpixels.
However, nonuniformity can result from the difficulties of controlling the deposition
area. Another technique is the precision shadow-mask method. In this approach,
selective deposition of R, G, and B organic materials is done with a thin mask and
a high-accuracy mask-moving mechanism. To obtain good patterning and better
size control, the mask should be thin and the distance between the mask and the
substrate should be as small as possible. Unfortunately, due to the thin mask
requirement, difficulties arise because the mask must be kept flat, which leads to a
nonuniform gap between the mask and the substrate. This is especially true for
large-area substrates. In the side-by-side subpixel technique, the light emission
from each subpixel is controlled independently and can be optimized separately to
reach higher quantum and power efficiency. In summary, the unevenness of the
mask, nonuniform gaps, and nonuniformity caused by oblique deposition hinder
this technique from its use for large-area display fabrication.

5.3.3 White OLED filtering

Figure 5.6(b) presents another pixel scheme that can be used to realize a fuli-color
display. This color subtraction scheme can be compared to LCDs in that the white
OLED serves as a “backlight” and the emitted light is passed through separate R,
G, and B filters. The white OLED is fabricated by deposition of two or more
organic layers that emit different colors (R, G, and B) onto a prepatterned substrate.
The thickness of each organic layer is such that the superposition of the light emit-
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Figure 5.6 Five full-color subpixel configurations. Reprinted from Ref. [38] with permis-

sion of the IEEE.

ted appears white. No post-deposition patterning is required since only one white
OLED structure is grown over the entire substrate,” However, this pixel design
approach has limitations. The main disadvantage is that most of the emitted light
{up to 90% of the optical power) is absorbed by the filter to achieve a fully saturated
color subpixel. This requires the OLED to be driven at a higher current density to
achieve sufficient brightness. Unfortunately, a high current density produces more
defects and heat, and accelerates OLED degradation.® Even with these limitations,
white OLED filtering is still a viable technique that can be used in the fabrication
of FPDs where power consumption is not a major concern, but good device stabil-
ity is required.
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5.3.4 Blue OLED down-conversion

Figure 5.6(c) illustrates a photoluminescent method to realize separate R,G,and B
subpixels. A blue OLED is used to optically pump a prepatterned subpixel, which
consists of a fluorescent material that absorbs the blue light and emits either red or
green light. For blue light, a transparent layer (spacer) is used in place of the red or
green fluorescent organic material. Even though the power efficiency of this sys-
tem can be low because the energy of the emitted red or green photon is less than
the energy of the absorbed blue photon, the conversion quantum efficiency (pho-
tons out/photons in) can be near 100%.%*

A major problem with this technique is the guiding of light, by the substrate,
into the neighboring subpixels, causing unwanted photoluminescence. This is a
form of optical crossialk and causes color bleeding in the subpixels, which reduces
the contrast of the display. Burrows et al. have demonstrated that the substrate guid-
ing of the light, and therefore the color bleeding, can be reduced by using a shaped
substrate that enhances forward light scattering.® For example, the structure shown
in Fig. 5.7(b) greatly improves the output coupling of light, as compared to the
structure in Fig. 5.7(a).

5.3.5 Microcavity OLEDs

Figure 5.6(d) shows the use of microcavity filters to realize R, G, and B subpixels
based on an inherently broadband OLED. Microcavities have been shown to be an
effective method to control the direction and color of OLED emissions. The micro-
cavity is formed by the reflective metal electrode on the top of the OLED and a
dielectric, guarter-wavelength, multilayer structure that has been fabricated under
the transparent ITO in the bottom of the structure. When a white OLED is placed in
this cavity, the OLED will emit light of a certain color in a certain direction.”® In
this approach, the emission’s spectral bandwidth becomes narrower and the inten-
sity is enhanced due to the microcavity effect. Under careful design (i.e., changing
the length of the cavity), it is possible to position the emission in the desired wave-
length band. The increase of emission intensity reduces the required driving cur-
rent, thereby reducing power consumption. Thus, degradation of OLEDs is reduced
and lifetime increases. .

This technique does have two main limitations. The first is the directional depen-
dence of the wavelength selection. In other words, different colors are preferentiaily
seen at different angles from the microcavity OLED structure. Typically, the view-
ing angle is around 15 deg for a 10:1 luminance decrease. Secondly, the different
microcavity structures for R, G, and B create a wide variation in thickness, and
this thickness is usually larger than the organic layer. Therefore, it is difficult to
deposit a continuous, high-quality organic light-emitting layer on the substrate
containing the prepatterned microcavity structures.® Microcavities are, however,
an important means of tuning the color of the emitted light.
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Figure 5.7 Schematic cross-section of an OLED grown on {a) a plain substrate, and
(b) @ mesa-shaped substrate. Reprinted from Ref. [38] with permission of the IEEE.

5.3.6 Color-tunable OLEDs

Figure 5.6(e} illustrates the concept of using a single, color-tunable OLED. This
scheme eliminates the need for individual R, G, and B subpixels to create one full-
color pixel, which results in an enhancement of the display resolution and pixel fill
factor by a factor of three compared to previously discussed pixel schemes.®? Due
to the fact that only one OLED configuration is grown over the entire surface, the
need for prepatterning the substrate is removed, thereby providing a simpler fabri-
cation process. However, this advantage trades off with the requirement of more
complex driving circuits, because the circuit must be able to control simultaneously
the color, brightness, and gray level of the OLED. One method that has been used to
achieve a color-tunable OLED involves a polymer blend or polymer electrochemi-
cal cell as the light-emitting organic material. Each ingredient of the blend or cell
emits at a different wavelength. The color and brightness (gray level) can be tuned
by applying different voltages and/or a different polarity to the OLED, i.e., high
voltage pushes the emitted color into the blue region and lower voltage corresponds
to more red light emission. However, the higher voltage also causes higher current
injection, and therefore affects the brightness of the OLED.?8 This method also has
problems achieving full color due to the ever-present lower energy light emission
regions and possible accelerated degradation of the OLED at high current levels.

3.3.7 Pyramid-shaped pixel OLEDs

The idea of using pyramid-shaped pixel OLEDs to achieve color has been pub-
lished recently.'®® In this technique, different organic materials, emitting different
colors, are deposited on each surface of a pyramid-shaped structure. The basic
concept is similar to that of side-by-side subpixels, but this approach provides a
three-fold enhancement in the resolution because three subpixels are integrated
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Figure 5.8 Dilferent structures of pyramid-shaped pixels. Diagrams (a-3) and [b-3)
show the dielectric mask wall. Reprinted from Ref. [168] with permission of the Amer-
ican Institute of Physics.

into one pixel. The fabrication processes seem to be relatively easy and require
oblique thermal deposition of organic materials. As different materials are deposited,
only a rotation of the samples is needed. Thus, this process requires no mask. The
different pyramid structures that can be used are shown in Fig. 5.8. To guarantee
that proper materials are deposited on the correct surfaces, a dielectric mask wall on
the edges is fabricated before evaporation, which provides better shielding. In addi-
tion to the aforementioned advantages, the pyramid-shaped structure also largely
enhances the extraction quantum efficiency and reduces the optical waveguiding
effect. A demonstration by use of an optical prism to simulate a pyramid-shaped
structure is shown in Fig. 5.9.

Although this technique has many advantages, pyramid-shaped substrates are
needed, which complicates the fabrication process and increases cost. Furthermore,
due to the pyramid shapes, the viewing angle is limited. At least one color is
blocked by pyramid structures at large off-axis viewing angles. The electrical con-
nections and addressing scheme are aiso challenging. A more promising method
to implement a color-tunable device is the stacked OLED.%

5.3.8 Stacked OLEDs

Stacked OLEDs {SOLEDs) have the potential to provide the highest image resolu-
tion simultaneously with low fabrication costs. As depicted in Fig. 5.10, the SOLED
consists of a stacked blue OLED, green OLED, and red OLED. Most organic mol-
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Figure 5.9 {a) Measured spectra of R, G, and B elements. [b) Picture shows white light
emission as R, G, and B are turned on simultaneously. Reprinted from Ref. [168] with
permission of the American Insfitute of Physics.

ecules and polymers on which these OLEDs are based have an emission spectrum
that is red-shifted from the absorption spectrum. This property causes OLEDs to
be transparent to their own emitted light and to most of the spectrum of visible
light, giving rise to the transparent OLED (TOLED). Therefore, TOLEDs can be
stacked on top of each other with only a small reduction in efficiency.
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Figure 5.10 Stacked OLED (SOLED). Reprinted from Ref. [38] with permission of the IEEE.

The fabrication process to form this structure is relatively simple and does not
involve etching of the organic materials. A transparent ITO layer is deposited on a
glass substrate. This I'TO functions as the anode to the blue OLED. The blue OLED
is formed by the successive deposition of an HTL, a blue LEL, and then an ETL.
A thin (~ 100 A) and approximately 50% transparent Mg-Ag alloy is thermally
evaporated onto the structure to serve as the cathode for both the blue and green
OLED:s. To form the inverted green OLED, a green, fluorescent, organic thin-film is
deposited. Next, an HTL is added, followed by the sputtering of ITO to form the shared
anode for the green and red OLEDs. To form the red OLED, a third HTL is depos-
ited. Then a red LEL is deposited followed by the deposition of a thick (~ 1500 A)
Mg-Ag electron-injecting cathode. To finish the structure, a layer of Ag is deposited
to reduce oxidation of the Mg.?® A structure of this nature can only be achieved
with the use of organic materials; no such structure, constructed from numerous
heterogeneous layers, could be fabricated using crystalline inorganic materials
due to their strict lattice-matching requirements.

A useful variation of the SOLED structure can be formed by splitting the top
ITO electrode (i.e., the electrode shared by the green and red OLEDs) into two
separate electrodes. This can be easily achieved by depositing a transparent insu-
lating oxide or organic layer following the ITO deposition. Then another layer of
ITO can be deposited to form the anode of the red OLED. This structure is slightly
more complex, but has several advantages. One significant advantage is the sim-
plification of the driving circuit. The previous SOLED structure, with the shared
ITO electrode, necessitates differential biasing of the red OLED and therefore
requires a complex driving scheme. With the splitting of the electrode, each
OLED can be addressed independently, and the driving circuit is similar to the one
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used by the lateral subpixel scheme. Another advantage of this structure is the use
of the thickness of the transparent insulating layer to tune the optical cavity length,
thereby eliminating or reducing unwanted microcavity effects.* The final SOLED
structure is three separate, stacked R, G, and B subpixels that can be addressed
independently, providing one full-color pixel.

In the SOLED structure, some drawbacks are inevitable. Semitransparent elec-
trodes for the middle subpixel introduce a loss of efficiency due to light absorption.
Fortunately, several low-absorption metal-containing or metai-free electrodes, such
as CuPc and BCP, have been found to reduce absorption and enhance the effi-
ciency.” Additionally, these electrodes are able to reduce the microcavity effects.
Another problem is color bleeding due to energy down-conversion of light emitted
from the blue OLED upon passing through the red LEL. This problem can be min-
imized by the use of guest-host doped layers for the devices emitting at longer
wavelengths.

To sum up all the subpixel techniques we have discussed, a review of the main
advantages and disadvantages of each structure is presented in Table 5.3.

5.4 OLED Stability and Encapsulation for Displays

In this section,. the detrimental impact of moisture and oxygen on OLED proper-
ties is addressed with a description of the formation, growth, and influence of dark
spots. Then, several methods to encapsulate OLEDs are briefly summarized.

3.4.1 Impact of moisture and oxygen

Even though the good performance of OLED:s in inert gases has been demon-
strated, the lifetime in air is very short and therefore inadequate for commercial
applications. The short lifetime of an OLED is due to its exposure to water vapor
and oxygen that are present in the air.?® ¢ A basic OLED is composed of a trans-
parent electrode such as ITO, an EL layer, and a metal layer. The influences of air
exposure on each layer are described in detail below.

The polymers used in the EL layer are usually very sensitive to photo-oxida-
tton. This leads to an interruption of the polymer conjugation length by changing
 their chemical structures. A reduction of conjugation length and polymer bleaching
will be the final result of this process. To verify this process experimentally, a Kr
laser with the wavelength at 482 nm was used to irradiate PPV, which is typically
used as the EL layer, and the transmission was measured as a function of time under
three different conditions. According to the results, shown in Fig. 5.11, the increase
of PPV’s transmission with exposure time in air is more rapid than that occurring in
water vapor and a vacuum. Hence, water vapor was able to cause photobleaching,
€.8., an increase of polymer transmission; so was oxygen. Moreover, the influence
of oxygen on the polymer degradation was stronger than that of water vapor.
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Table 5.3 Summary of different subpixel structures used to achieve full-color displays.

Technique

Advantages

Disadvantages

Side-by-side RGB
(shadow-mask method)

[

. No power penalty
. High quantum and power

efficiency

. Low fabrication cost

. Low resolution
. Limited display
panel size

o o—

Filtering of white
OLED by
absorptive filters

—

. High resolution
. Easy fabrication
. Can be transplanted

from LCD technology

. Low efficiency

. High driving current

. Short lifetime

. High power consumption
. Expensive color filters

h A W

Filtering of white
OLED by dielectric
multilayer structure

—

. Enhanced output intensity
. Slightly lower driving

current

1. Complex fabrication
2. Small viewing angle

Down-conversion of
blue light to
red and green light

. High resolution

1. Low contrast
2. High Fabrication cost
3. Color bleeding

Color-tunable pixels

. High resolution
. Tunable spectrum

1. High operating voltage
2. Fast degradation
3. Complex drivers

Pyramid-shaped pixels

. High resolution
. Mask-free fabrication
. Enhanced quantum

efficiency

1. Pyramid-shaped substrates
needed

2. Small viewing angle

3. Complicated electrical
connections and addressing
scheme

Stacked OLED (SOLED)

—

. High resolution
. High efficiency

1. Absorption by
semitransparent electrode

2. Color bleeding

3. Microcavity effect

4. Complex drivers

The cathode in OLEDs is used to inject electrons into the EL layer. It should
be made of a metal with a low work function. However, if it is exposed to water
vapor or oxygen, it will very quickly form metal oxide due to its highly reactive
nature. Instead of direct metal corrosion, water vapor and oxygen can also perme-
ate through the cathode and form oxide at the interface between the metal and
polymer layers. This was also verified by the measurement of x-ray photon-elec-
tron spectroscopy (XPS). The XPS spectrum is shown in Fig. 5.12. The oxide
layer present at the metal interface polymer has negative effects on the device’s
performance since it modifies the barrier for electron injection into the EL layer. A
higher resistance present at this interface will require a large current density or

voitage value to produce light emission.
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Figure 5.11  Evolution of PPV transmission under air, water vapor, and a vacuum with
time exposure. Adapted from Ref. [28] with permission of Elsevier.
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Figure 5.12  XPS spectrum of an OLED. Adapted from Ref. [28] with permission of
Elsevier.

The anode in an QLED is used to extract electrons from (or inject holes into)
the EL layer. Although there are papers®™ * reporting that a UV/ozone or oxygen
plasma treatment of ITO can improve OLED performance considerably, the
improvements are not stable. This treatment will increase oxygen concentration at
the ITO surface. Since oxygen is electro-negative, it will form a negatively charged
surface layer at the ITO/EL layer interface resulting in repulsion and depletion of
electrons just beneath the surface of the ITO. This will induce band bending and a
higher work function of the ITO that is responsible for a higher density of holes
near the interface.
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5.4.2 Influence of dark spots

Another fatal factor that can greatly reduce an OLED’s lifetime is dark spot for-
mation. There are at least two possible origins of dark spots. One is due to dust
particles,'*- 1!7 and the other is due to high local-current flux 56

Dust is unavoidable in the OLED fabrication processes. Dust particles create
a shadow effect during evaporation of the organic material and leave spaces inside
the light-emitting material. If the dimension of the particles is larger than the
thickness of the OLEDs, there is no doubt that the device will not emit light from
this region. Moreover, water and oxygen can more easily penetrate into the
devices through these large areas, because even if the dust particle size is smaller
than the OLED thickness, they provide sufficient spaces for water and oxygen to
permeate inside the film. Figure 5.13 shows the time evolution of dark spots. It
should be noted that the size of dark spots increases with time but their number
typically remains the same.

The high local-current density is another cause of dark spots. From the EL
measurement it was concluded that bright spots will evolve into dark spots, which
can be seen in Fig. 5.14. The bright spots probably come from a high local con-
ductivity due to the reduced thickness of the EL layer, a thicker metal film, or bet-
ter contacts. As soon as bright spots are formed, the local-current density becomes
very high, which will cause a local increase in temperature due to large local joule
heating. Unfortunately, the higher the temperature, the larger the polymer’s con-
ductivity, resulting in positive feedback. The high temperature can also trigger the
interdiffusion of organic layers and/or contact metal inside the OLED layer, which
will result in a low conductivity and the formation of dark spots. As time goes by,
the size of the dark spots grows. The stages of this effect are shown in Fig. 5.15.
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Figure 5.13 Time evolution of dark spot formation. Reprinted from Ref. [111] with
permission of the American Institute of Physics.
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Figure 5.14  EL spectra showing dark and bright spots at different stages of formation.
Reprinted from Ref. [66] with permission of the American Institute of Physics.
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Figure 5.15 A propagation mechanism of dark spots. Reprinted from Ref. [66] with
permission of the American Institute of Physics.
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These dark spots are related more to the nonuniform OLED structure than to the
influence of vapor and oxygen.

5.4.3 Encapsulation methods

To solve the problem of OLED lifetime, several methods have been proposed to
encapsulate and seal OLEDs from humidity and oxygen. The simplest way is to
use glass as a top cap with a nitrogen-filled chamber.?” A schematic of the structure
is shown in Fig. 5.16. This configuration uses epoxy, a widely used encapsulant in
electronic packaging. In addition, a-SiN, is deposited to reduce the permeability
of humidity and oxygen from the sides.

Another method is to encapsulate OLEDs by sealing canisters with a UV adhe-
sive such as epoxy resin under a nitrogen atmosphere, % which is a common method
to seal semiconductor LEDs. In addition, a plasma-enhanced chemical vapor dep-
osition (PECVD) silicon nitride film (a-SiN ) is always deposited for passivation
to provide low film stress and a good barrier against humidity and oxygen, with
BaO added as a resistive absorbent.

The third approach utilizes a stack of alternating polymer and transparent
dielectric layers to protect OLEDs from the permeation of water and oxygen
through the substrate.” Preferably, the dielectric layer is fabricated from silicon
monoxide (Si0), silicon oxide (SiOx), silicon dioxide (SiO,), or silicon nitride
{SisNy). As for the polymer layer, it can be chosen from a group of robust polymers
such as fluorinated polymers, parylenes, and cyclotenes. On top of the OLEDs, the
hermetic sealing consists of several layers including a buffer layer, followed by a
thermal coefficient matching layer, and then an inorganic layer with low perme-
ability. The buffer layer may be either an organic polymer, such as a parylene with
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Figure 5.16 Schemaitic cross-section of an encapsulated, nitrogen-filled OLED with a
detailed view of the thin-film layers. Reprinted from Ref. [37] with permission of the
American Institute of Physics.
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a low thermal expansion coefficient, or an organometallic complex such as Alg,.
For example, Si0, can be used as the thermal coefficient matching layer while
Si3N,, functions as the inorganic outermost layer. A schematic side view is shown
in Fig. 5.17. Outside the plurality of layers, epoxy and a thin metal foil can be
added to strengthen its effectiveness against water and oxygen permeation.

The fourth approach'®! is similar to the first one. It uses glass, quartz, or thin
silicon as a cap to provide cost and weight advantages. The petimetric seal is com-
prised of an electrically insulating layer, adhesion layers, and sealing layers, which is
depicted in Fig. 5.18. Usually indium, tin, or gold is used for the sealing layers and
titanium is used as the adhesion layers. The sealing process is accomplished by using
pressure and a heating element.

The last method does not use epoxy coating, which tends to degrade the
device property due to the infiltration of the solvent into the EL layer. In this
scheme, a dielectric layer is coated on top of metallic cathodes and a metal film is
added above the dielectric layer.’! The basic structure is shown in Fig. 5.19.
Although the polymers used to protect devices in some approaches have excellent
electrical resistivity, the high breakdown strength and transparency, and the ability
to avoid permeation of water, are not good enough. Furthermore, some metal films
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Figure 5.17  Cross-section side view of an encapsulated OLED.
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Figure 5.18 Side view of an encapsulated OLED.
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Figure 5.19 Cross section of an encapsulated OLED. Adapted from Ref. [170] with
permission of Elsevier.

are also used to seal OLEDs, but they should be relatively thick to avoid pinholes,
which leads to poor light transmission. In this methed, only two thin layers are
needed. The dielectric layer is preferably composed of a SiC film with a thickness
of 500 nm, deposited by PECVD from trimethylsilane. Alternatively, diamond-like
carbon (DLC), SiO, S§i0,, SiyN,, or silicon oxynitride (SiO,Ny) can also be used.
The PECVD-deposited SiC provides high dielectric strength, good film adhesion,
a low pinhole density, and impermeability. Additionally, this dielectric layer may
consist of a combination of several materials—for example, SiO, and SiC, DLC
and SiC, or Si3N, and SiO,. As for the metal film, it is better to use sputtering dep-
osition. Sometimes, a combination of PECVD and an electron beam or sputtering
deposition achieves the lowest pinhole density. The function of the metal film is to
reduce the device’s susceptibility to cracking under stress, and to preseal the pin-
holes. The device is then baked, preferably in purified air or a dry nitrogen-oxygen
atmosphere. The metals will react with oxygen or moisture to adsorb gases and seal
off pinholes inside the layer. This beneficial property removes pathways for oxygen
and moisture. When patterning the dielectric and metal films, a shadow mask may
be employed where external connections are required.

5.5 Display Addressing and Driving Circuit

Ir this section, we describe several addressing schemes and driving circuits that
have been used to control OLED fiat-panel devices. We assume that the data timing
and multiplexing to the appropriate column electrode has been taken care of so we
can focus on the individual pixel driving mechanisms. Two main categories of dis-
play driving schemes exist: direct addressing and matrix addressing. We will begin
with a short description of direct addressing and then move to the explanation of
two different types of matrix addressing.
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Figure 5.20 Matrix addressing of an OLED. Adapted from Ref. [64] with permission
of the |EEE.

In direct addressing, each pixel is connected to an individual driver. This
scheme is most efficiently used in alphanumeric displays, such as the common
seven-segment display, and discrete indicator displays.’ This type of addressing is
not applicable to video-rate FPD technology. However, direct addressing is useful
where the display is relatively simple and low-information contents are displayed,
but the pixel is in the form of a complex pattern that is simply tumned on and off.

In matrix addressing, the pixels are arranged into a two-dimensional array of
rows and columns. Each pixel is then connected to one row lead and one column
lead as shown in Fig. 5.20.% The matrix addressing scheme in which active elec-
tronic devices such as TFTs are used to enhance the display characteristics is
termed active-matrix (AM) addressing. A much simpler addressing scheme in
which no extra active electronic devices are used is termed passive-matrix (PM)
addressing. With the use of matrix addressing schemes, arrays of OLEDs can be
used as high information content and video-rate FPDs.70

3.5.1 PM-addressing method

In 2 PM-addressed display, the organic light emitter is connected to a row electrode
and an orthogonal, electrically isolated, column electrode. An equivalent circuit of
this scheme is shown in Fig. 5.21. The diode represents the OLED sandwiched at
the intersection of the row and column electrodes. The fabrication process is rela-
tively simple. First, the row electrode (anode) material, usually ITO, is deposited
onto the transparent glass substrate and then patterned using photolithography to
achieve fine features. Next, the organic layers are deposited in one of the schemes
discussed above to create R, G, and B subpixels. Finally, the conducting column
electrode material (metal alloy cathode) is deposited using a shadow mask to avoid
the exposure of the organic layers to moisture during the etching of the electrode
lines. The mechanical shadow mask method does not give nearly the resolution
that is provided by photolithography.

The operation principle of a PM-addressed display is straightforward. Each
row electrode (anode) is connected to an electronic switch and each columnn elec-
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Column Electrodes

Figure 5.21 Equivalent circuit of the PM-addressing scheme.

trode (cathode) is connected to a current source. Since light emission from the
pixel is dependent on the current passing through the OLED, current sources must
be used to effectively realize different gray levels. 70 The row electrodes are scanned
in succession (row-by-row) at a frame rate that is greater than 60 frarnes per second.
The data signals, which are electric current signals, are applied to the column elec-
trodes with the proper timing, thereby successively tumning the pixels on and off.

Several disadvantages exist with the PM-addressing scheme. One problem is
caused when one of the pixels in the display malfunctions, i.e., the pixel is shorted
or leaky. This can cause other pixels near the “bad” pixel to be unintentionally
addressed. This event is one of many forms of crosstalk and disrupts the normal
operation of the display. Another problem is due to an inherent characteristic of
the OLED. Consider a display with M rows. With the row-by-row scanning
scheme, each of the OLEDs is powered on for a maximum of 1/M of the frame
period. Since OLEDs have no memory effect, they will be off unless they are
addressed and driven by the external power source. In order to achieve the
required average display pane! brightness of, for example, 100 cd/m? in a frame
period, each OLED must be driven at a brightness of M x 100 cd/m?. Large cur-
rents are needed to achieve the required brightness when M is large, thereby caus-
ing accelerated degradation of the OLED. Besides, the OLED emission efficiency
decreases at a high current level, which also causes fast degradation of the OLED.
Another disadvantage arises from the number and size of electrode lines used in
the display. If M is large, appreciable and unwanted voltage drops may occur
across the electrodes, causing the pixels to display incorrect information. This
limits the total number of rows to approximately 500, which is far below the num-
ber required for a high-information content and a high-resolution FPD. 0 AM-
addressing schemes can be used to alleviate these problems.
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5.5.2 AM-addressing method

As stated above, matrix addressing schemes that utilize active electronic compo-
nents at each pixel site are termed active matrix (AM). These active switching ele-
ments are usually TFTs with poly-Si, a-Si:H, or an organic semiconducting small
“molecule or polymer film (OTFTs) used as the channel region material. Due to the
lack of memory effect in OLEDs, at least two TFTs per pixel (or subpixel for full-
color displays) are needed for an effective AM-addressing circuit (see Fig. 5.22).
The circuit has one control line (V,,,,.,), one data line (V,,,), and power/
ground lines. The external driving circuits consist of gate and source drivers. The
V_,1.c; line is connected to the gate drivers, and the source drivers supply data to
the source of T1 in each pixel circuit. The V,,,,, line is set to high for data to be
written to the pixel. Here, the signal V,,,, charges the storage capacitor to the
desired voltage (C,,). The voltage on the storage capaciior remains constant gven
after V.., switches to low (=3 V) except for the initial drop due to the parasitic
capacitance of T1 when T1 turns off. The current flowing through the OLED
(I,.gp) is controlled by the drive transistor, T2. When T2 is biased in saturation,

the current [p; zp is
ucw 2
Torep = 2L (Vgs- Vi) (5.2)

where L, C, W, and L are the channel mobility, the channel capacitance, the chan-
nel width, and the channel length of the transistor, respectively; Vgq is the gate to
the source voltage; and V,,, is the threshold voltage of the TFT.

In the voltage driving configuration, a slight threshold voltage variation in the
OLED could be the result of the long-term operation or the process nonunifor-
mity. This variation will charge the current flowing through the OLED since the
Vs of T2 is dependent on the drop across the OLED. When a current driving cir-
cuit is used and V,,p is large (T2 in deep saturation), the variation in threshold

Data

Select

Figure 5.22 AM-addressing scheme using two TFTs per pixel.
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voltage of the OLED will not affect the current because the Vg of T2 remains
unchanged. Therefore, a constant current configuration circuit is preferred for an
AMOLED. This type of OLED addressing will be discussed in more detail below.

5.6 TFT Technology for AM Displays

The TET is an important switching and driving element in the AM-addressing
scheme. The TFT is also an essential element for achieving high-resolution and
integrated-driver AM addressing. The TFTs can be made using a-Si:H, poly-Si, or
organic semiconductors as the active region of the TFT. Although we will not go
into the details of the electrical properties of these devices, we will present two
requirements that must be fulfilled in order for the TFTs to be effective in the
pixel electrode driving circuits that are discussed below. For the details; the reader
is referred to Ref. [70]. In order to fuily charge the storage capacitor of the pixel
circuit, the ON-current must be sufficiently large. Also, in order to maintain the
bias on the gate of T2, the OFF-current must be sufficiently small. This leads to
the first TFT requirement, which is the ON-current (7,,) t0 OFF-current (/) ratio

I
2> 2SMN, . (5.3)
Ly ,

Here, S is an engineering safety margin, M is the number of rows, and N, is the num-
ber of gray levels. If we take M = 1024, N, = 256, and S = 3, then [, /I 2 8 X 10°.
This ratio is easily achieved with the use of a-Si:H TFTs with [/l 5~ 107, poly-Si
TFTs with I,./I,5~ 108, or with organic TFTs with I,/ ¢~ 10® (Ref. [701).

The second requirement is an estimation of the field-effect mobility, Uggp
needed to allow the complete charging of the pixel electrode storage capacitor in
the allotted time frame. To make this estimate, the following equation has been
developed:

Wy SMCy 54
Beer T, 2 T Cox(Vasa— Vin) '

where |Lgz7 is the field effect mobility, W, is the width of T, L, is the length of T2,
M is the total number of rows, C,;, is the total pixel capacitance, T is the frame
time, Cy is the insulator layer capacitance, Vs, is the gate to the source voltage of
T2, and V,, is the threshold voltage of the TFT. A simple calculation with judi-
cious values gives ppr Woll, 2 3 cm?/V,. Again, this can be accomplished with
a-Si:H, poly-Si, and organic TFTs that have reasonable W/L ratios.”® In order to
achieve a pixel brightness of 100 cd/m? from a sufficient pixel area, a current of
approximately 107 A is required.
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The a-Si:H and poly-Si based TFTs can provide the required ON/OFF current
ratio and have carrier mobilities that allow fast switching speeds and charging of
the pixel elements. In addition, the TFT needs to have sharp subthreshold slope
and must be electrically stable over time. In general, the organic TFTs have insuf-
ficient subthreshold slope, and therefore have a high turn-on voltage (tens of
volts). Also, they are not very stable electrically. Therefore, the organic TFTs are
currently not a practical choice for AMOLEDs. Table 5.4 presents a comparison
of typical values of certain parameters for a-Si:H and poly-Si TFTs. It shows that
a-Si:H TFTs are capable of supplying the required current, and are therefore capa-
ble of driving OLED-based displays. Next, we discuss the technology and fabrica-
tion processes used to fabricate a-Si:H and poly-Si TFT AM arrays.

Table 5.4 Comparison of a-Si:H and poly-Si TFT properties.

Property a-Si:H TFI' poly-Si TFT
Typical mobility (cm?/V-s) 0.6-1.0 50-100 1
TET WL ratio 10:1 10:1 |
Maximum current (A) . 25 % 1075 21 % 1073 j
‘; Maximum OLED luminance (cd/m?) _ 5,000 >4 x 1P

5.6.1 a-Si:H TFT technology

The fabrication steps of a-Si:H TFT for a four-TFT AM pixel electrode circuit was
described by He et al.”” The fabrication of this circuit is similar to that of a conven-
tional inverted-staggered, back channel-etched a-Si:H TFT and is shown in
Fig. 5.23. The first step is the deposition, by sputtering, of 1000 A of chromium
onto a Coming 1737 glass substrate. This layer is then patterned to form the TFT
gate electrodes and the bottom electrode of the storage capacitor (a). Next, a 3000-
A layer of a-SiN_:H, a 2000-A layer of undoped a-Si:H, and a 500-A layer of n+
a-Si:H are deposited, respectively, using PECVD (b). The active area of the TFT
{(a-Si:H) is then defined (c) and gate vias opened (d). Next, a 2000 A-thick layer of
molybdenum is deposited by sputtering and patterned to form the source and drain
electrodes of the TFTs and the top electrode of the storage capacitor (e). The TFT
is back channel-etched using reactive ion etching (RIE) (e). A 3000 A-thick layer
of a-SiN,:H is deposited as a passivation layer and vias are opened (f). Finally, the
electrode material (ITO) is sputtered, annealed, and etched (g).” The OLED
structure is fabricated on the top of the ITO electrode. In this configuration the
light is emitted through glass substrate.
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Figure 5.23 Fabrication process for an a-Si:H-based TFT AM pixel.

5.6.2 Poly-Si TFT Technology

Both high-temperature (HT, above 600°C) and low-temperature (LT, below 600°C)
poly-Si TFTs are capable of driving high-resoiution AMOLED:s. However, only
the LT poly-Si TFTs have the capability to be fabricated on large transparent sub-
strates. Therefore, we will describe one of the many LT poly-Si TFT technology
and fabrication processes. The cross-sectional structure of the poly-Si TFT AM
pixel is shown in Fig. 5.24.!%

First, a 100-nm amorphous silicon film is deposited using low-pressure chem-
ical vapor deposition (LPCVD). The a-Si:H film is then crystallized by laser
annealing. In this approach, the film is irradiated multiple times by a KrF excimer
laser to form a poly-crystalline film. The film is then etched to form a poly-Si
island. Next, a gate insulator is formed using plasma-enhanced chemical vapor
deposition (PECVD) of SiO, or a-SiN,. A poly-Si gate layer is deposited and
etched. Next, phosphorous (boron) is implanted to form a self-aligned n-channel
(p-channel) TFT. To finish the TFT, a metal (Al) layer is sputtered and etched to
form bus lines and a gate, and source and drain connections. The TFT is passi-
vated with an insulating layer, and vias are opened in this layer to allow the con-
tact to the ITO electrode. ITO is deposited and etched to form the anode of the
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Figure 5.24 Cross section of a poly-5i TFT AM pixel. Reprinted from Ref. [100] with
permission of the IEEE.

OLED.'® Again, the OLED is fabricated over the ITO electrode. In this configu-
ration the light is emitted through glass substrate.

In this pixel circuit, p-channel poly-Si TFTs are used due to good electrical
device reliability. In general, it is accepted that the p-channel device is much more
electrically stable than the n-channel device.

5.6.3 Pixel electrode circuits

Unlike typical AMLCDs where one TFT is used as a switch, in AMOLED:s at least
two TFTs are needed, as shown in Figs. 5.22 and 5.25. One TFT (T1) is used as a
switching device and the other TFT (T2) is used as a current-driving device,
because a continuous current flow through the pixel _OLED is required during a
frame time for a continuous pixel light-emission. As indicated above, the TFTs can
be fabricated from a-Si:H or poly-Si thin films. So far, the poly-Si TFT technology
has been used most frequently in AMOLEDs because the poly-Si TFTs show bet-
ter electrical performance (high field-effect mobility) and higher electrical stabil-

Vda!a Vﬂ'ﬂf a VDD

V.retec Vse ect
lr | T1 Ic

'ﬁl_l_ .—J_|——T——”{T1

= LC *I pixel_OLED
- ~ pixel_OLED

(a) (b)

Figure 5.25 An example of the pixel electrode circuit for {a} an AMLCD, and {b} an
AMOLED.
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Table 5.5 Comparison of LT poly-Si and a-Si:H TFT properties.

Property LT poly-Si TFT a-Si:H TFT
Threshold voltage (V) 3-5 ~2
Field-effect mobility (cm¥/Vs) 50-120 ~1

Off current 10— 100 A 10713 21012 A
Maximum process temperature (°C) 550-600 [50-300
Driver integration Yes Possible
Threshold voltage stability Good - OK
Mobility and threshold voltage variation QK Very good
over large area

Manufacturability Ma[uring- Very mature
Cost High Low
Plastic compatibility Developing Good

ity (lower threshold voltage shift) in comparison with a-Si:H TFTs. Table 5.5
shows the electrical performance, advantages, and disadvantages of the LT poly-Si
and a-Si:H TFTs for AMOLEDs, % 100. 113. 127

The advantages of LT poly-Si TFTs are as follows:

* A low driving voltage is needed to produce a given current flow through

the OLED due to the high TFT field-effect mobility.
* The peripheral driver circuit can be integrated on the display substrates.

» The TFT threshold voltage is stable during display operation.

The disadvantages of LT poly-Si TFTs are as follows:

« The off current is rather high, which can cause an undesirable charge leak-

age problem through the switching TFT when the pixel is deselected.

« The TFT threshold voltage and field-effect mobility are not uniform over

large areas, since laser crystallization is used to produce poly-Si film.

» The manufacturing techniques are expensive and not yet mature.

+ The rather high-temperature process may not be compatible with plastic

subsirates.

The advantages and disadvantages of poly-Si TFTs can, conversely, be the disad-
vantages and advantages of a-Si:H TFTs. For example, the low driving-current
capacity of a-Si:H TFTs, due to their rather low field-effect mobility, has been a
significant issue in AMOLEDs that are based on a-Si:H TFT technology. How-
ever, dramatic progress made recently in the luminous efficiency of light-emitting
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organic’? or polymeric?” 1?* materials has rendered a-Si:H TFT technology as a
competing technology in AMOLEDs. Several AMOLED prototypes based on a-
Si:H TFT technology have been described recently in the literature 3% - 110

Although the prototypes of poly-Si and a-Si:H TFT AMOLEDs have already
been demonstrated, the device parameter variations of the OLEDs and TFTs are
still critical issues for the operation stability of AMOLEDs. The OLED threshold
voltage may vary from pixel to pixel after fabrication, then increase slowly at 0.1-
1 mV/hour' during display operation. The field-effect mobility of both poly-Si
and a-Si:H TFTs may vary from pixel to pixel due to either process variations or
device aging effects.?> 146 These effects must be compensated for in an AMOLED
in order to obtain a uniform light emission and stable operation of the display. This
compensation can be achieved by selecting an appropriate AMOLED pixel elec-
trode circuit configuration based on either voltage-driven*- % 146 15! or current-
driven®®- 36 84. 132. 147 schemes, In the voltage- and current-driven pixel electrode
circuits, voltage and current, respectively, are used as data signals.

Figure 5.25(b) shows a simple voltage-driven pixel electrode circuit with two
n-type TFTs. As previously noted, T1 and T2 act as a switching TFT and a driving
TFT, respectively. T1 operates in the linear regime and T2 in either the linear or
saturation regimes. When V.. is high (select time), T1 is on. A data voltage is
written onto the storage capacitor (C,,) through T1, and the corresponding current
(Lixet_orep) flows from the voltage data-drive, Vpp, through T2 to pixel_OLED.
Then the pixel will emit light. When V., is low (deselect time}, T1 is off and the
stored voltage (C,,) determines the amount of the current flow through pixel_OLED.
Therefore, if there is no change in the stored voltage, the same amount of current
flows from V, through T2 to pixel_OLED, producing a continuous pixel light-
emission with the same brightness. However, in this simple voltage-driven pixel
electrode circuit, 1, o p Can vary because the data voltage is a summation of
Vs 1 and voltage across the pixel_OLED. This will lead to nonuniform display
light-emission if there are any changes in the turn-on voltage of the pixel_OLED
and threshold voltage of the TFTs at a given data voltage.'*® Therefore, simple
voltage-driven pixel electrode circuits cannot be used in AMOLEDs to produce a
uniform brightness level across the whole display.

Based on the simple voltage-driven pixel electrode circuit, researchers at Seiko-
Epson Corporation and Cambridge Display Technology'®' reported the area ratio
gray scale (ARGS) method to achieve uniform light emission of an AMOLED.
They used the poly-Si TFT technology as shown in Fig. 5.26. In the ARGS
method, each pixel consists of nine same-dimension subpixels with one n-type
(T1) TFT and one p-type (T2) TFT; T1 operates as a switching device and T2
operates as a switch-like driving device. Instead of changing the T2 driving cur-
rent to produce gray scales as in a simple voltage-driven pixel electrode circuit, in
the ARGS method the gray scale is obtained by selecting the number of light-emit-
ting subpixels; thus, 10 gray scales can be achieved with a nine-subpixel structure.
The subpixel operates like a binary mode by applying two separate V. values
that are either high or low enough to fully turn on and off T2, respectively, no mat-
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Figure 5.26 Area ratio gray scale [ARGS) method based on a simple voltage-driven
AMOLED pixel electrode circuit proposed by Shimoda et al.'%0- 15!

ter what change occurs in the T2 threshold voltage. In addition, V,p, determines the
current level through the subpixel _OLED. Therefore, the T2 threshold voltage shift
will not change the current flow through the subpixel OLED. However, the ARGS
method is limited because the number of subpixels determines the possible number
of gray scales. To increase the number of gray scales, the ARGS method can be com-
bined with the time ratio gray scale (TRGS) method, which requires a complicated
subframe driving scheme and an additional erase scan TFT in each subpixel.'*

The first voltage-driven pixel electrode circuit with the threshold voltage
compensation was reported by Dawson et al.®® Their circuit consists of four p-type
poly-Si TFTs, one selection (V,,,.,), and two control lines (AZ and AZB), as
shown in Fig. 5.27(a). T1, T3, and T4 are switching TFTs, and T2 is a drving TFT.
When V.., is low (select time), T1 is on. The select time consists of five subperi-
ods. During periods 1 and 2, [V pl is larger than the magnitude of the T2 thresh-
old voltage, |V,, 1}, which is stored across the storage capacitor (Cy;). Then,
during periods 3 and 4, T2 conducts until Vg 5l is equal to IV, pl, storing the
V1 across Cy,. When Vg, is reduced by AV, (period 5), Vs ol =V ol +
AV s 1ol 18V 1l = 1AV gl X C M(Cypy + Cop + C_pz), Where Cg_py is the total
gate parasitic capacitance of T2. When V., is high (deselect time), T1 is off. The
stored V5 1 is maintained during periods 6 and 7 until T4 is on. Finally,
Dixet_orzp = (AVgs_12) = (AV,,,,)” during period 8, which indicates that the cur-
rent flow through the pixel OLED depends on AV, not V,,,, or V;, . How-
ever, this pixel electrode circuit has two control lines, which can make the pixel
electrode circuit configuration rather complicated and may cause threshold volt-
age settling and data voltage writing problems within a row select time.!%
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Figure 5.27 Two types of voltage-driven pixel electrode circuits with threshold voltage
compensation. The cireuit in {a) was proposed by Dawson et al.4” and the circuit in {b}
by Sanford et al.'44

Another voltage-driven pixel electrode circuit has been reported by Stanford et
al.'* Their circuit consists of three n-type TFTs, one select (V. celect)» ONE control
line (AZ), and one programmable cathode line (V_,), as shown in Fig. 5.27(b). T1
and T2 are switching TFTs, and T3 is a driving TFT. This pixel electrode circuit
can compensate for the TFT threshold voltage with the proper signals and timing.
Writing the threshold voltage (periods 1 to 3 with V,,,,., on low and T1 off)
involves three steps. During peried 1, while the cathode voltage V., is negative, the
AZ input is high for a short amount of time. This establishes a capacitor voltage
that is larger than the T3 threshold voltage. During period 2, V,, is brought to pos-
itive voltage and the AZ input is low. T3 conducts, resulting in a negative voltage
drop across the pixel _OLED. During period 3, V_, is set at 0 V and the AZ input is
set high. T3 conducts until a voltage approximately equal to the T3 threshold volt-
age is established across the storage capacitor. After this initial threshold voltage
establishment, V,,,,., is high and T1 is on, and then data voltage is written into the
pixel circuit (select time) while V is at 0 V and the AZ input is low. The voltage
across the storage capacitor will be Vara + Vy_m3- After data voltage has been writ-
ten to all the rows in the display, V.., is set low and T1 is off (deselect time), and
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V., is brought to a negative voltage. T3 will provide a current flow through the
pixel_OLED, which is independent of V;, 5 and proportional to (V)" In this
pixel electrode circuit, the pixel_OLED emits the light oaly after the data voltage
writing is finished.

The voltage-driven pixel electrode circuit can successfully compensate for the
TFT threshold voltage variation. The operator can also compensate for the
pixel_OLED threshold voltage shift by operating the driving TFT in the saturation
regime, in which the current flow through the driving TFT (and thus through the
pixe]l_OLED) depends on the Vg, not the V5 (voltage data-source), of the driving
TET. Therefore, although any voltage shift occurs in the pixel_OLED, changing
the Vs of the driving TFT will automatically compensate for it, and the current
through the pixel_OLED wiil not change much. However, these voltage-driven
driving schemes are limited to TFT threshold voltage compensation and are not
adequate to compensate for the TFT field-effect mobility variations.

Several current-driven pixel electrode circuits®>- 36 8% 132 147 haye been reported
to fully compensate for TFT threshold voltage and field-effect mobility variations.
In addition, since OLED brightness is directly related to the current flow through
the device, the current-driven AM driving method has the benefit of producing a
uniform display luminance by delivering current directly onto each pixel.

Dawson et al.*® reported a current-programmed OLED pixel that consists of
four poly-Si p-type TFTs, as shown in Fig. 5.28(a). T1, T3, and T4 are switching
TFTs, and T2 is a driving TFT. In this pixel electrode circuit, the data current is
written directly onto the pixel, and the corresponding charge will be stored across
the storage capacitor. When V., is low and the VGP (the voltage across the fourth
transistor) is high (select time), T1 and T3 are on. Then current is provided by [,
through T3 and T2 to pixel_OLED, and the pixel_OLED emits light. A specific T2
gate-to-source voltage corresponding to the data current is simultaneously set
across the storage capacitor. When V.., is high and VGP is low (deselect time),
current is provided from Vp, through T4 and T2 to pixel OLED, and
pixel_OLED emits light. Since the stored V55 1, determines the current level dur-
ing deselect time, the same amount of current flow is guaranteed through the
pixel_OLED during the total time frame if T2 operates in the saturation regime.

Toshiba and Matsushita'3? reported a similar current-programmed pixel elec-
trode circuit, as shown in Fig. 5.28(b), which they called a current-copy pixel (CCP).
The CCP consists of four p-type poly-Si TFTs. T1, T3, and T4 are switching
devices, and T2 is a driving device. When V., is low and V., is high (select
time), T1 and T3 are on and T4 is off. Current flows from Vj,, through T2 and T3
to the current source. The storage capacitor is charged during select time. When
V. ;1 is high and V., is low (deselect time), T1 and T3 are off and T4 is on.
Current flows from Vj,, through T2 and T4 to the pixel OLED. The amount of
current during deselect time is determined by the stored voltage across the storage
capacitor; thus, the same amount of current flow is again guaranteed if T2 oper-
ates in the saturation regime and there is no stored charge variation. The
pixel_OLED emits light only during deselect time.
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Figure 5.28 Two fypes of current—progrcmming, current-driven pixel electrode circuits.
The circuit in {a) was proposed by Dawson et al.*® and the circuit in {b) by Ohta et al.'32

These types of current-programmed OLED pixels may have charging time
problems for data current at low gray scales in high-resolution display applications,
although they can compensate for both the TFT"s threshold voltage and field-effect
mobility variations, and for the OLED threshold voltage shift. The data current
must first charge up the parasitic capacitance formed between the data lines and
cathode before the current is written onto a specific pixel within select time. There-
fore, the actual charging process of each pixel cannot be completed within select
time since the parasitic capacitance increases as the number of pixels increases.

To solve this charging time issue in current-driven AM driving methods, Sony
Corporation'*’ introduced a current-mirror type of pixel electrode circuit with two n-
type (T3 and T4) and two p-type poly-Si TFTs (T1 and T2), as shown in Fig. 5.2%9(a).
T3 and T4 are switching TFTs, and T1 and T2 form back-to-back transistors of the
current mirror. During select time, the write (Write scan) and erase (Erase scan) scan
lines are high, and the data current flows from Vj,p, through T1 and T3 to the [,
line. At the same time, /.., orgp flows from Vpp, through T2 to pixel OLED, and
the pixel_OLED emits light. By setting the channel width of T1 larger than that of
T2, the data current is larger than the .., o;gp, Which makes the write operation
fast enough even at a low gray scale. During deselect time, the write scan is low and
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Figure 5.29 Two fypes of current-mirror, current-driven pixel electrode circuits for
AMOLEDs, proposed by (a) Sasaoka et al.'47 and (b} Fish et al.?

T1 is off. The same amount of ;..; ozzp continuously flows through the pixel OLED;
a continuous light-emission can be achieved because C,, determines the Livei_oLED
level, and T2 operates in the saturation regime during deselect time. Sony intro-
duced an erase scan line to obtain a secure write operation by turning T4 off slightly
earlier than T3. The erase scan can also control the time-averaged pixel brightness
and the pixel emission duty by turning T4 on during deselect time. The pixel emis-
sion duty control produces a high-quality, fast-moving image.

Philips Research Laboratories*® also reported a modified current-mirror type of
pixel electrode circuit with two n-type and one p-type poly-Si TFTs, as shown in
Fig. 5.29(b). T1 and T3 are switching TFTs, and T2 is a driving TFT. During select
time, Vg, is high, T1 and T3 are on, and the data current flows from Vpp, through T1
and T3 to the I, line, thus charging C, to a level corresponding to the data-current
level. No current flows through pixel_OLED because V,, is high during select time.
Then, during deselect time, V5, is low, T1 and T3 are off, the same amount of cur-
rent flows from V), through T2 to the pixel OLED, and pixel_OLED emits light.
The stored charge in the storage capacitor determines the current level, and T2 oper-
ates in the saturation regime during deselect time. Philips used a pulsed cathode volt-
age approach (V) to operate the pixel electrode circuit at an efficient pixet_OLED
operating point. This pulsed cathode voltage approach has other advantages, such
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- Figure 5.30 A current-sink, current-driven pixel electrode circuit proposed by Hong
et al.B3 '

as a higher programming current and an emission duty control for an improved
motion image.

Kanicki’s research group® also reported a current-sink pixel electrode circuit
with four n-type poly-Si TFTs, as shown in Fig. 5.30. T1 and T2 are selecting TFTs,
and T3 and T4 are switching and driving TFTs, respectively. The T1/T2 and T3 TFTs
control the current flow path according to appropriate selecting voltage signals. Dur-
ing select time, T1and T2 are on and T4 is off, directing the data current flow from
the data line to the source line (GND) through T2 and T3. After the storage capacitor
is charged up during select time, the V,,,, ., and V., signals change during frame
time, turning T1 and T2 off and T4 on, respectively. Then the data current will flow
from V), to ground through the OLED, T, and T,. The V,,,, ., waveform can be
appropriately selected for a higher programming current and an emission duty con-
trol, which produces a high-quaiity, fast-moving image. This pixel electrode cir-
cuit requires a top-anode pixel _OLED structure as shown in Fig. 5.31(b).

It is noted that all the above voltage-driven and current-driven pixel electrode
circuits are based on poly-Si TFT technology. For large-area, low-cost, high-reso-
lution displays, the poly-Si TFT AMOLED can be challenged by a low-cost a-
Si:H TFT AMOLED based on the AM arrays developed for AMLCDs. One
example of such a pixel electrode circuit is shown in Fig. 5.32. This a-Si:H TFT
circuit was developed in Kanicki’s research group.®® The four-TFT pixel circuit
can provide continuous current even after the pixel is deselected; and the TFT
threshold voltage variations, which occur due to process variations and opera-
tional stress, are fully compensated in this circuit, The circuit has four external
connections: Vpp, Vi 1oon {4010 and ground (also the OLED cathode). As shown in
the figure, TFT TS and C,, 4, are used to schematically represent the OLED.

.‘%ﬁmésnf.‘ N
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Figure 5.31 Bottom-emission and top-emission pixel electrade circuit configurations.

First we will describe the “on” (pixel selected) state. When the V.., signal is
made high, the switching TFTs, T1 and T2, are tumed on. The data signal current,
from f,,,, passes through T1 and T2, thereby storing charge on the storage capac-
itor and setting the drain and gate biases of the drive TFT (T3). This allows the
data current to pass through T3. The value of Vp, has been chosen so that it is
lower than the bias on the drain of T3, ensuring that no current can flow through
TFT T4. This guarantees that all of the data current, /,,,, Which passes through
T3, then goes through T5 (OLED) to ground. When the pixel is deselected (the
“on” state), the select line bias is made low. This turns the switching TFTs, T1 and
T2, off. The charge on the storage capacitor maintains the bias on the gate of T3.
Therefore, current still flows through T3, causing the bias on the drain of T3 to
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Figure 5.32 Equivalent pixel electrode circuit of a four a-Si:H TFT proposed by He et
al.73-77 © J. Kanicki.

drop rapidly. When the bias on the drain of T3 drops below Vpp, T4 will turn on
and maintain a constant current through T3. In this state, the current flows from
V,p, through T4 and T3, and then through T5 (OLED) to ground. Even in the
“on” state, the required data current through the OLED is maintained. 75

It is possible, through process variations and operational device stress, that
the threshold voltage of the drive transistor T3 can change. The four-TFT pixel
circuit can compensate for such changes through the following mechanisms. Since
T1, T2, and T4 are used as switches and are not used to control the output current,
threshold voltage variations in these TFTs will not affect the output current.”’
However, if the threshold voltage of T3 changes, the gate bias must be changed in
order to maintain the desired amount of output current. Since [,,,, is forced
through T3, the gate voltage of T3 adjusts to maintain this amount of current,
regardless of the value of the threshold voltage. Therefore, the threshold voltage
variation of T3 will not affect the level of output current.”” 7 This pixel electrode
circuit with some tnodifications, as described in Ref. [78], was used to produce a-
Si:H TFT current-driven AMOLEDs .3 3 This driving pixel electrode circuit
showed the ability to provide a pixel electrode brightness in excess of 1000 cd/m?
for a typical OLED with an external efficiency of 1%.

Although each pixel electrode circuit has its advantages and disadvantages,
their operating principles can be categorized under two main types—voltage-driven
and current-driven AMOLED driving schemes—as shown in Table 5.6. In both
driving schemes, the driving TFT typically operates in the saturation regime to
compensate for voltage variations. The voltage-driven pixel electrode circuits can
be combined easily with a commercially available AMLCD data voltage driver.
However, as previously noted, they are limited to fully compensating for TFT
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Tabte 5.6 Comparison between voltage-driven and current-driven AMOLED driving

schemes.

Property

Voltage-driven AMOLED

Current-driven AMOLED

Data signal

Voltage

Current

Data signal driver

Commercially available

Under development

low display brightness levels?

{AMLCI driver can be used) | (standardization may be
required)
Slow charging time an issue at | No Yes (can be solved by current-

mirror or current-sink type
structure)

compensation?

TFT threshold voliage Yes (complicated thresheld Yes
compensation? voltage memory steps are

required during select time)
TFT feld-effect mobility No Yes

OLED threshold voltage
compensation?

Yes (by the driving TFT)

Yes (by both the driving TFT
and direct current writing)

field-effect mobility variations. In addition, rather complicated control signals are
required to write the TFT threshold voltage information onto each pixel. For the
current-driven pixel electrode circuits, specific data current drivers are needed for
each pixel electrode circuit configuration. The magnitude of data current depends
upon the display format and pixel electrode circuit design. Therefore, standardizing
data current drivers is required for the commercial applications of the current-
driven pixel electrode circuits, which may be very challenging. The issue of a slow
charge at a low display brightness in the current-driven pixel electrode circuit can
be solved by introducing a current-mirror and/or a current-sink type of pixel elec-
trode structure. However, the direct writing of data current onto each pixel is a big
advantage of the current-driven pixel electrode circuits, which can fully compen-
sate for not only TFT and OLED threshold voltage shifts, but also for TFT field-
effect mobility variations.

The pixel configuration is determined by the OLED structure. A typical OLED
structure consists of a transparent anode, active organic layers, and an opaque
cathode, which is necessary due to the process compatibility of the organic layers
and the low work function of the metal cathode. Therefore, most of the mentioned
pixel electrode circuits are combined with the opaque top-cathode structure;
thus, the light emission is observed through the bottom transparent anode, as
shown in Fig. 5.31(a). The bottom-emission type of pixel configuration has a lim-
ited pixel aperture ratio, which is closely related to the display power consumption
and stability. The aperture ratio is defined by the ratio of the light-emitting area to
the total pixel area. To increase the aperture ratio, Sony Corporation'*’ adopted a
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top-emission type of pixel configuration by using an opaque bottom-anode and
semitransparent top-cathode pixel structure, as shown in Fig. 5.31(b). Ideally, this
approach can produce up to a 100% aperture ratio. Since the light emission in this
approach is observed through the semitransparent cathode, a certain amount of
light will be lost. Therefore, if an equivalent OLED performance is obtained for an
inverted device structure (opaque cathode/active organic layers/transparent anode)
in comparison with the conventional OLED structure, the top-emission pixel con-
figuration with a transparent top-anode pixel_OLED structure could be very benefi-
cial for future AMOLEDs. The current-sink type of pixel electrode circuit®® can
also be combined with this transparent top-anode structure, as shown in
Fig. 5.31(b).

5.7 Methods to Improve AMOLED Contrast Ratio

The high reflectance of the OLED metal alloy cathode can lead to a low pixel con-
trast ratio (PCR) in high-ambient illuminance.” Here, we quantify the PCR by
defining the discrimination ratio as the ratio of the brightness of an “on” pixel to
that of an “off” pixel. The brightness of an “off” OLED is taken to be solely due to
the reflection of the ambient illuminance, E,, which is assumed to have a uniform
angular distribution. Therefore, the “off” pixel brightness is L,z = RE /21, where R
is the reflectance of the pixel measured from the substrate side. The “on” pixel
brightness is L, = L; + L,5. The discrimination ratio is, therefore, D = 1 + (2rL,/
RE,), which is plotted in Fig. 5.33 as a function of display reflectance R under £, =
500 lux (ANSI standard) for different display brightnesses (L,). For L, = 100 cd/m?
and R = 80%, D = 2.6. Discrimination ratios larger than 5 can only be achieved
with a display brightness larger than 200 cd/m? for high-reflectance pixels under
specific ambient lighting conditions. To increase D, the reflection of ambient light
must be suppressed.

A circular polarizer (CP) can be placed in front of the display to achieve high
discrimination ratios. Although the quarter-wave plate in the CP is wavelength
dependent, the reflected ambient light can be sufficiently attenuated if the quarter-
wave plate is centered near A = 555 nm, where V(A) (the relative spectral luminous
efficiency function for photopic vision) is maxirmum. This is due to the broad spectral
width of the CP blocking band coupled with the eye’s insensitivity to the wavelengths
in the tails of V(L). A 0"*-order quarter-wave plate is desirable to obtain a broad
blocking band for the CP.

To analyze the improvement in PCR associated with proposed schemes, it is
assumed that the front surface of the display is AR coated, and thus the Fresnel
reflections at this surface can be neglected. Here, the front of the display is the
polarizer surface facing the viewer. Assuming a uniform spectral distribution for
the ambient illuminance, a zeroth-order quarter-wave plate centered at A =555 nm
and a 100% efficiency for the CP, the luminance due to reflected ambient light is
found to be attenuated by a factor of 71, while the emitted light is attenuated by
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Figure 5.33 Discrimination ratio versus OLED reflectance curves under a 500-lux am-
bient illuminance. Reprinted from Ref. {70] with permission of the IEEE.

only a factor of 2. Hence, for a display with L, = 200 cd/m* (corresponding to a
100 cd/m? perceived brightness) and 80% efficiency under a 500-lux ambient illu-
minance, D is increased to 113.

5.8 Current Market and Future Trends

According to one source,*® FPDs are a potential $20 billion (U.S. currency)
annual market, with about 50% in wireless applications. FPD applications include
cell phones, personal digital assistants (PDAs}, monitors, and televisions. Annual
growth is projected to be 15 to 30% depending on the specific application. In five
years, experts estimate that the market could reach $55 billion. According to a dis-
play market research firm, Stanford Resources, the worldwide OLED display mar-
ket is forecasted to increase from several hundred thousand units valued at $3
million in 1999 to more than 100 million units valued at $714 million in 2005.
Table 5.7 shows the current and future OLED markets by application.

5.8.1 Comparison between OLED and non-LED displays

The light output of an OLED display is Lambertian, which means the user can
view the display from any angle (up to 160 deg) with the same perceived bright-
ness. LCDs, however, are non-Lambertian displays whose image interference pat-
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Table 5.7 Worldwide OLED market® by application.b

Application 2000 2001 2002 2003 2004 2005
Audio 1161 2712 4174 6078 8109 8822
Automobile displays 373 1587 3158 6028 10,035 | 12,868
Cell phones 60 277 1058 2387 3998 5678
Appliances 1037 2870 6909 13484 | 20,656 | 26.091
Meters/multimeters 910 2005 3495 4776 5745 7220
ATM/cash registers 520 2102 4923 8401 11,474 | 15,958
Telephones 130 889 1630 2911 4251 6713
Test equipment 360 576 975 1477 i 2080 | 2428
VCR/cable boxes 229 1053 2257 3600 5298 7251

2 Unit shipments given in thousands.
® Adapted from Ref. [119] with permission of iSuppli/Stanford Resources.

tern changes as the viewer’s eye moves. The eye then perceives a different image,
including a different color balance. '

OLED displays are low-power displays that use thin organic films as the light
emitters, thereby eliminating the need for power-hungry backlights and their envi-
ronmentally unfriendly mercury content. In conventional LCDs, the backlights are
on all the time at full power; but with OLEDs, the individual pixels are turned on
and off as they are needed, thereby using only approximately half the power con-
sumption of an LCD. In addition, LCDs are not photoactive. They act as light fil-
ters and require back lighting. Only 30 to 35% of the backlight passes through an
LCD. As a result, LCDs consume a tremendous amount of power: up to 60% of
the drain on a laptop battery is from the LCD.

Currently, efficiencies of the best doped-polymer and molecular OLEDs
already exceed that of incandescent light bulbs. Efficiencies of 20 Im/W have been
reported for yellow- and green-emitting polymer devices, and 40 Im/W has been
attained for phosphorescent molecular OLEDs—compared to less than 20 Im/W
for a typical incandescent light bulb. It is reasonable to predict that soon, efficien-
cies of 80 Im/W (a value comparable to that of fluorescent room lighting) will be
achieved using phosphorescent OLEDs.

Not only does the lack of a backlight in OLEDs lengthen the battery life and
minimize heat and electric interference, but it also reduces the overall size and
weight of the end product. As glass-based displays, LCDs are prone to breakage
and can be heavy for small portable applications. A complete poly-OLED display
is less than 2 mm thick, weighs approximately 0.1 ounces, and requires a low
operating voltage of only 2 to 6 V.
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Figure 5.34 Comparison between OLEDs and inorganic LEDs. Reprinted from Ref.
[171] with permission of Nature/Macmillan.

5.8.2 Comparison between OLEDs and inorganic LEDs

LEDs based on crystalline inorganic semiconductors have a long history, and their
performance has improved steadily since their invention. It is when viewed in this
context that the recent progress made with semiconducting organic materials
seems so remarkable.

Figure 5.34 shows the evolution of organic and inorganic LEDs with perfor-
mance given in lumens per watt (a typical value for an unfiltered incandescent
lamp is shown for comparison). Inorganic LEDs based on III-V semiconductors
such as gallium arsenide arrived on the scene in the early 1960s, and their perfor-
mance has shown steady but significant progress since that time. Organic LEDs
appeared much more recently, yet are already approaching the best performance
levels of their inorganic counterparts. The nitride-based semiconductors are
another success story and have extended applications of inorganic LEDs into the
blue-violet region of the spectrum.

5.8.3 Current and future challenges

Even though OLED display technology enjoys tremendous advantages over tradi-
tional inorganic LED and other display technologies such as LCDs, it is not yet
ready for batch fabrication and a competitive display market. Several challenges
must be overcome.
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First, manufacturing difficulties must be reduced.®* Researchers have encoun-
tered many difficuities in manufacturing devices with the thin layers needed to
achieve operating voltages between 5 and 10 V. OLED:s are vulnerable to electri-
cal shorts caused by pinhole defects in the film or contamination of the substrate
surface by dust particles. Furthermore, the materials tend to be mechanically frag-
ile and are easily attacked by the chemicals used in photolithographic patterning.
Therefore, patterning often requires low-resolution methods such as defining the
device contact by metal deposition through a shadow mask, often in combination
with costly dry-processing techniques. In the future, however, many new litho-
graphic patterning techniques could appear, and even techniques borrowed from
other industries such as injection molding, direct imprinting using stamping, and
ink-jet printing.

Second, researchers are racing to find ways to effectively combine OLEDs
that emit at different color bands into a single full-color display. This is a formid-
able task. The materials are generally better suited for the deposition of large-area,
uniform layers rather than intricately patterned arrays of differently colored pix-
els; and the emission colors (and efficiencies) of the individual pixels need to be
carefully balanced to match the spectral response of the eye. For the molecular
systems, vacuum deposition through a patterned “mask” provides a promising
route for achieving the necessary control. Prototype 5- to 20-in. displays based on
this approach were exhibited by many different companies. Solution-based poly-
mers are not amenable to vapor-phase deposition, so alternative strategies must be
explored. The ink-jet technique (as used in color printers) is one possible avenue
for producing the necessary pixel arrays, although the initial results suggest that
further optimization of this process is needed.

Third, the display market is already well served by several more established
technologies, so competition will be stiff. For the cruder monochrome applica-
tions, the combination of low power consumption, simplicity of fabrication, and
the “gimmick” factor of having an unusually colored display could well be suffi-
cient to give organic LEDs a competitive edge. The situation with full-color dis-
plays is harder to predict and, in the short term, they will need to demonstrate a
cost advantage if they are to succeed. But in the long term, properties unigue to
the organic systems (as discussed in previous sections) may come to the fore, and
as mentioned above, it is conceivable that within five years, we will have flexible
color displays that can be rolled up and put in our pockets.

Finally, although current efforts for commercialization of OLED technology
are focused on flat-panel displays, other applications are being investigated. The
OLED technology could be used for outdoor and emergency lighting conditions
and should be capable of running on full speed at very low temperatures (~40°Cor
less). This display technology could also be used for cell phones, digital still cam-
eras, camcorders, personal digital assistants, head-wearable displays, and car nav-
igation systems. Also, today flexible OLEDs are being heavily investigated so that
one day e-books based on AMOLED technology can substitute for the paper-ver-
sion.books that have been used for thousands of years.
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