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147 Introduction

g

In all electronic displays the front of screen FOS perfornumceand physical dimensions eg thickness

and weight are the most straightforward features that users can feel and appreciate flat panel

displays such as liquid crystal display LCD and plasma display have progressed well technically

and made the move in many applications to replace bulky and energy consuming cathode ray tubes

CRTsiL Nowadays flat panel displays have become the donnnant display choices for largesize PC

monitors and TVs In recent years the multimedia and digital era has emerged with more and more

functions built on mobile devices such as camera and TV viewing on mobilecell phones As a result

OS performance such as brightness contrast ratio viewing angle and response time all need to be

substantially enhanced Emissive display is the natural display to choose to provide superior FOS

performance One emissive technology that shows promise involves organic electrolumineseenee

devices or organic light emitting diodes OLEDs has beep studied extensively and its commercial

products have gradually started to come on the market Usually they have appeared at just the right

time to fulfill the massive need

In this chapter we will give an oveniew of OLED technology including the OLED electro

luminescence mechanism materials and device structure as well as the backplane that is needed to

drive the OLED thinfilm transistor iFT Advances M active matrix organic eketroluminescence

display AMOLFD will be reviewed and discussed

Mobik Displays Techhology and Applications Edited by A Bhowatik Z U and P

r 2008 John Wiley At Ltd
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42 OLED Technology

1421 Introduction

01FD Msplays have attracted a lot of attention due to their many advantages such as fast response

time wide viewing angle higher contrast ratio and very thin structure In 1987 Tang and Van Slykc of

Kodak described an efficient green OLED from thin him evaporation of the vapor organic compounds

triphenylamine and aluminum tris8hydroxyquino1ine AN El 21 This important discovery enhanced

the prospects for producing larger and inexpensive displays that could replace CRT and LCD in 1990

another new clectrolumineseenee device based on conjugated polymer paraphenylenevinylene PPV
that emitted yellow green light was produced by Burroughess group at Cambridge University 131

Since then OLED has become a popular topic in academia and industry and has the potential to be the

great display of the future

In addition to the features that OLED can offer in FOS and physical dimensions active matrix

OLED AMOLED has generated much attention due to its capability to deliver higher resolution

larger panel and better display quality Many OLED development activities have been based on

AMOLED to further strengthen OLEDs advantages Significant progress has been made in AMOLED
materials device and production technologies in recent years In this section we will give an overview

of OLEO technology including its electronic mechanism materials device structure advanced

processes and application in AMOLED

1422 Electroiurninescence Mechanism

1 Physics for OILED Operation

The simple structure of OLED is illustrated in Figure 141 The simplest OLED structure consists of an

anode rro a hole transporting layer triphenylamine an electron transporting layer with emitting

function A1c1 and a cathode 11 In order to reduce the driving voltage and improve efficiency of the

OLED the hole injection layer and electron injection layer have been introduced

When a voltage is applied across the OLEO the charged carriers holes and electrons are injected

from the anode and cathode into the adjacent organic layers respectively Traveling through the

Hole injection

F100 trans

Anode

hole

electron

Emitter

Nuts 141 OLED structure

1
C

a
th

o
d

e

N Electron injection

Electron transport

COMPL1351Contentions0002798
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injection materials and transporting materials the carriers with opposite polarity recombine in the

emitting layer and generate the `exciton Relaxation of the exeiton leads to photon emission

2Relaxation and Luminescence

When earners with opposite polarity recombine they produce excitons An excitor is essentially a

molecule in the excited state By means of the electrolumineseent mechanism there are four excited

microstates of the excitor One is the anti symmetry spin hybrid s = 0 singlet and the other three are

symmetryspin hybrids s = 1 triplet According to the selection rule only relaxation from the singlet

excited state to the ground state is in general allowed The allowed relaxation that produces a photon is

called fluorescence see Figure 142

electron + hole

14 Ea

Isi

Guest

34 Eo

crossing

3
To

fluorescence

0

Host

phosphorescence

heat

EL yield 14 ET yield Guest PL yield

ET energy transfer

PL photolurn ineseent

Figure 142 Holeelectron recombination and energy distribution

Relaxation from triplet excited states to the ground state is forbidden in the selection rule However

when spin orbital coupling occurs this kind of relaxation can still take place and is called

phosphorescence 4
3 Efficiency

Since the mechanisms of OLEO are related to carrier injection carrier recombination and relaxation of

the excited state the internal quantum efficiency Inn is defined as

qeik Op 1

rin the ratio of electrons and holes injected from opposite contacts the electron hole charge balance

factor

Inn the fraction of total excitnns formed which result in radiative transition

Op the intrinsic quantum efficiency for radiative decay

The n factor is the ratio of recombination The effective collision of electrons and holes takes place

on the same emitting molecule and then the molecule is excited and forms the excitor The injection

ratio of the carriers and the recombination °zone should be well controlled to inaprove the efficiency

COMPL1351Contentions0002799
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The q factor is the energy transfer ratio during relaxation of the excitort It refers to the

photoluminescent efficiency of the emitting material Introducing high photoluminescent efficiency

emitting material will give rise to high quantum efficiency The Op factor is the intrinsic quantum

efficiency based on the selection rule of the relaxation For fluorescent emitting material the maximum

value for the Or factor is 14
The internal quantum efficiency is the energy transfer ratio between the electric energy and photo

energy It only occurs inside the emitting layer and is not easy to measure We usually detect the

photons through the organic layers electrode and substrate The detected efficiency is the external

quantum efficiency r defined by

ThsX p 2
internal quantum efficiency

x light out coupling efficiency

rick and 4>p as defined above

There is optical interference between the organic layers organicelectrode interface electrode

substrate interfaces and substrate air interface The x factor is the total effect of the interference A

good optical design should reduce the interferences and improve the external quantum efficiency

1423 OLED Materiais

Organic materials can be classified according to their function as hole injection materials 111M hole

transport materials HIM emitters guest and pant electron transport materials ETM and

electron injection materials EIM

1423 Hole Infection Material

The function of the hole injection material is to help hole injection into the organic layer from the

anode no Thus them are some requirements for these materials such as

a the work function needs to be as close to the fro work function 48 eV as possible

h good adhesion to ITO

Popular materials for hole injection include CuPc CFx niTDTA and TrstATA see Figure 143

14212 Hole Transport Materied

The function of bole transport material is to transport boles to the emitting layer Required properties

for these materials are

a high hole mobility

b high To glass transition temperature material

c good electrochemical stability

d good thinfilm quality from vapor deposition

Popular materials include NPB TPD and SpiroNPB see Figure 143

iiii
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14213 Emitter

The function of the emitter is to control light output and color Two types of material can be used for an

emitter one is the host and the other is the dopant Required properties for an emitter include

a high quantum yield

h good electrochemical stability

c good thinfilm quality from vapor deposition

Popular materials include DPVBi C545T DCJTB Ruhrene AND Irppy LIGH1 UGH2
LIGH4 fir It prnh3 and irbtp2acac 5111 see Figure 143

14234 Electron Ira port Material

The function of electron transport material is to transport electrons to the emitting layer Hence there

are some requirements for these materials such as

a high electron mobility

b good electrochemical stability

c good thinfilm quality from vapor deposition

Popular materials include Alq BeBq TPBL and TAZ see Figure 143

Hole injection material

c5y V4

fliIIJiM

TNATA

Hole transport material

NPB

Ca

o erk

0 t>

MD

Figure 143 Popular 01F1 materials
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1424 Advanced OLED Devices

Compared to advanced wrLcD devices low power consumption is one of the key properties that

AMOLED need in order to be competitive especially in mobile devices High efficiency inorganic

LED is used in current TPTLCD products as a backlight thus efficiency improvement is a crucial topic

in OLED technology development

Recently some new designs in MED device structure have been published that give rise to better

perforrnance One is the structure the other is the tandem OLED StruCture

1424 The pin Structure

To obtain high power efficiency and low driving voltage for OLEDs eftleient Charge injection at the

interface and low ohmic transport layer are two key factors A commonly used method is to insert a buffer

layer between the anode and lin and to insert a thin layer between Eli and Eft to improve hole and

electron injection respectively A method that increases the conduedvity of the organic semiconductor

layer by doping with ptype acceptors into BM or n type acceptors into ETL can theoretically reduce the

driving voltage of OLEDs as reported by Leas group in 1998 12 131 For instance one OLED structure

reported is ITO mTDATA F4FCNQ TPDAlq Bphen BPhcriLi LiFAl Figure 144 which

resulted in a good OLED device with a performance of 54 edA and 1000 cdfin2 at 165 V
Moreover Forrests group 114161 used the pin structure in a phosphorescence OLED The

structure is ITOmTDATA F4FCNQIrppyCIBPBPhenBPlienLiAI which produced a highly effi

cient OLED with a performance of 29 lanTW and 200 cdm2 at 1 mAlcm2

Cathode

LIF

PhenLi

8 Phen

Al o

TFQ

m TDATAF471CNO

Anode

N type

P type

Figure 144 Pin structure of OLEO

14242 Tandem Structure of the OLEO

An OLED device having multiple emitting units stacked vertically in series ie tandem OLED
can provide high luminance enhancement of current efficiency and convenient tuning of the

emission spectra The spectral tuning of devices through stacking units emitting different colors

is particularly useful The major challenge in tandem OLED is to prepare an effective connecting

structure between emitting units so that the current can flow smoothly without encountering

substantial harriers This has already been stated in 1st line of section Therefore some researchers
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have proposed using the tandem structure to provide high luminance from °LED They used

connecting electrodes such as

MgAg120 117 ITO 1181 BPhenCsN205or ITO 1191 AlqLiNPBFeCI
or

TPBILiNPBFeCla 1201 AlgiMgV205 21 AlqMgW03 1221 and UPCa4
or

LWAlAu 1231

In our study the connecting structure consists of a thin metal layer Al as the commoneloctrode a

hole injection layer Mo03 providing hole injection into the upper unit and an electron injection layer

Alq3 Cs3CO3z providing electron injection into the lower unit The whiteemitting two unit tandem

devices were fabricated with a structure of rmHI al 00 nmHTOl 20 tim13110I BD 04 iOnm
B1101 RD 01 25 rimAkb 10 nmA143 Cs2CO3 20 rim1A1 1 nmMo03 5 timHI01 device A
50itm device B 55 am device C 60 nmHT01 20 nmirBli01 BD04 10nrti1BH01 RD 01

25 rimA1q1 25 umCs2CO3 OrtiliAl Figure 1451

The characteristics and efficiency of tandem devices are shown in Figure 146 below The

device AC exhihits n driving voltage roughly double the singleunit device voltage and the current

effieiericy of tandem devices A 109 ediik B 166 cdA C 175 cdA at 20 mAcm2 is more than

double that of a device with a single unit 83 cdA at 20 rinAcariz 24

1425 Advanced OLEO Process

OLED technology for full color display can be achieved with various approaches The most

conventional LED process is the RUB side byside approach A fine metal mmlii FMM is applied

during RUB deposition for the color patterning

I

AI 150nm

Cs2CO3 mm
kWh 25nm

BH011001 25nm

BH0113004 lOrtm

HT 01 20nm

H101 50Oring

Mo03 5nm

AI inm

Alcwes2CO3 20nm

lOnm

BH01RD01 25nrn

BH4113004 10mn

HT 01 20nm

H101 60nm

ITOWass

Unit 2

Connect Unit

Unit

Figure 145 The structure of tandem white OLED
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8 10 12 14 16 18 20

Voltage V

10 12 14 16 18 2C
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ile°161ICIN6114MMIZIMMW 411==i

SingleUnit
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Tandem HI 01 60nrn

5 10 15 20

Current Den sitymAdcm2

25

Figure 146 a The IV curve of single unit A B and C devices b The LV curie of single unit A B and C

devices c The efficiency current curve of single unit A B and C devices

In 2003 Samsung SDI developed a highresolution AMOLED full color display by utilizing a fine

metal mask 251 The prototype display is 5 diagonal size with WVGA MX x 480 resolution and

with a pixel pitch equal to 01365 ram 186 ppi as shown in Figure 147 below The specification of

the prototype is also listed in Figure 147 The white CIE coordinates are x = 031 and y =032 The
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PannociA Specification

Disptayaize
51 inch diagonal

Resolution

Pixel pitch null

80011 I
x RG13 x 480V

01365

PINCI per inch opt 186

Aspect ratio 53

Peak lunu MCC > 3IX cdint

1ming frequency 50 1lz

Gray ICAVI 64

Contrast ratio >2001

33
500 triNV 250 edm2 30 on

Aperture ratio

Power consompnon

Figure 147 The specification and picture of the 5 WVGA AMOLED demonstrated by Samsung SDI

performance exhibits an average luminance efficiency of 1 1 cdA and the peak luminance of the panel

is over 300 ccm2 with a contrast ratio of 2001 under ambient light of 500 lx

High NTSC ratio and high luminance efficiency can easily be achieved with the RGB sidebyside

technology However as the resolution of the panel increases >200 ppi the fabrication of the fine

metal mask and alignment control become tremendously difficult

The merging of several multimedia applications such as DSC cellular phones and DMB into one

mobile device will become a trend in the near future It makes the development of highresolution a

7 critical factor in OLED displays However the limitations of FMM for high resolution will become a

key issue when it comes to considering mass production

In addition to the FMM color patterning method the use of a white OLED with a color filter is an

alternative approach to realim a full color OLED display avoiding the limitation of the FMM process

For an active matrix OLED display the color filter on array COA technology should be introduced in

the array substrate process Figure 148 illustrates a crosssectional view of white OLED with the COA
structure Color filters R G and B are patterned underneath the emitting areas sequentially for the

primary color subpixels Successive planarization layers on top of the color filters are required to

flatten the ragged surface profile of the array substrate Without the use of FMM for color patterning

the resolution of the bottom emission AMOLED display will be greatly increased

One drawback of white OLED with a color filter for AMOLED color patterning is however the

color saturation issue Generally the transmittances of R G and B color filters overlap each other

which reduces the color saturation of the AMOLED display

Driving TFT

Color Filter B

Driving TFT

Figure 148 Crosssection of While 01 ED with COA structure
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Figure 149 a White OLED spectrum white OLED spectrum through a color filter and the RGE color filter

transmittance and b color coordinates of white OLED with I pm and 175 pm color filter thickness

Increasing the color filter thickness improves the color saturation of the AMOLED display 1261

Figure 149a shows the white OLED spectrum before and after the use of color filters as well as the

transmittances for R G and B color filters The color coordinates of the white OLED after color filters

are shown in Figure 149h for color filter thicknesses of 1 gm and 175 gm The improvement in color

saturation is noticeable when the color filter thickness increases from I gm to 175 µfn Table 141 lists

the color information for a white OLED with the two color filter thicknesses in each color Color

saturation increases up to 60 when using a color filter thickness of 175 gm

Table 141 Color information of white OLED with color filter thickness of 175 gm

Color filter thickness 1 pm 175 pm

Color coordinates 056 035 028 051 031 019
TTSC 37

066 034 025 059 012 012
60

Sanyo first demonstrated a 147 full color AMOLED by utilizing white OLED with a COA

substrate in 2002 Without FMM a highresolution display with white OLED + COA technology can

be realized Toppoly has succeeded in making a 7 full color AMOLED by utilizing COA technology

with a pixel compensation circuit 1271 The specification as well as the developed AMOLED display

is shown in Figure 1410 below

One drawback of the white OLED + COA technology may be the higher power consumption for

display applications Much of the white light is absorbed by color filters which gives a low luminance

efficiency Van Slyke et aL from Eastman Kodak Company introduced a white emitter based

AMOLED with an RGBW pixel format in 2005 281 It was shown that a simple approach for the

RGBW format to achieve low power consumption is to select white OLED material for which the CIE

is equivalent or close to the required white point in the specification The power consumptions of white

OLED with the RGB and RGBW formats and various white materials are compared in Table 142 for

22 AMOLED displays
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Display Size r diagonal

Driving Method Voltage driven

Resolution 800 x ROB x 480

Pixel Pitch 64pm x 192pm

Pixel Arrangement Stripe

Driver Integrated COG

Number of Colors 262144 6bits

EL White OLED + ODA

Figure 1410 The specification and picture of the 70 AMOLED demonstrated by Toppoly The panel utilized

COA technology arid a pixel compensation circuit

According to Table 142 the smallest power consumption for the RGBW panel is only 42 of that

for the ROB display Moreover this table also indicates that the power consumption of the RGBW
display is determined by the color and efficiency of the white emitter

Recently laser induced thermal imaging technology LITI was introduced to realize high

resolution OLED displays 29 301 The LITI process utilizes a donor film a highly accurate

laserexposure system and a substrate The LITI process can be described as follows as shown in

Figure 1411 below

1 The thermal transfer donor is first laminated to a substrate The donor and receptor surfaces must be

in intimate contact

2The donor is then exposed in a pattern with the laser beam The result is a release of the transfer

layer light emitting materials from the donor interface and adhesion of the transfer layer to the

receptor interface

3The used donor is peeled away and discarded The film in exposed regions is transferred to high

resolution stripes and the performance of the device is as good as an evaporated smallmolecule

device Three donor films red green and blue are used sequentially to create a full color display

LITI transfer is a laser addressed imaging process and has unique advantages such as high

resolution patterning excellent ft I m thickness uniformity multilayer stack ability and scalability to

large size mother glass

Samsung SDI introduced a high resolution AMOLED panel by utilizing LITI technology The

specification as well as the image sample of the panel are indicated in Figure 1412 below 31 The

Table 142 Power consumption comparison between ROB and RGBW formats In all cases the target color

temperature is 6500 K the luminance is 100 cdm2 and the calculations include a circular polanzer

with 44 transmittance

WOLED Emitter Efficiency CIE RGBW avg ROB avg
structure combination cdA power mW power mW
White 1 BlueX 1 RedX 113 0319 0326 137 280

White 2 BlueX + YD3 15 0318 0434 318 387

White 3 BD2 + Y03 112 0314 0327 137 328

White 4 BM 4 RedX 62 0329 0217 466 566

White 5 BD3 + YD3 104 0313 0281 191 305
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Figure 1411 Illustration of LITI process

developed display features a 26 diagonal size and 28 gm 302 ppi subpixel pitch with 40 emission

aperture which make it the highest resolution AMOLED display to date The white CIE coordinates of

the panel are 03 1 y= 031 and the peak luminance is 200 cdfm2 with 741 NTSC color saturation

143 Backplane for AMOLED Display

An OLED like a liquid crystal display LCD is driven by a thinfilm transistor TFT to achieve high

resolution and high display quality However the basic theory driving OLEDs and LCDs is quite

different the latter is driven by a voltage while the former is operated by a current supply

Specification

Display size 26 inch diagonal

Number of pixels 480 x RGB x 640

Pixel pitch 28pm x 84am

Pixels per inch 302 ppi

Aperture ratio 40
Pixel circuit Voltage programming type

Pixel structure 6 Lti 1 + Capacitor

Emission type Top emission

Brightness 200 cd1m2

Color Coordinates

White 031 031

Red 067032
Green 030 065
Blue 015 015

Figure 1412 Specification of and picture on an AMOLED display using LI11 technology
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aSi ITT has been used extensively in LCD applications due to its simple process and sealability It

is Merefirire a natural consideration to evaluate aSi Trr fior AMOLED applications In the voltage

driven LCD applications the> TFT is only used as a switch and a Si petformance is capable of

delivering this function However for eurientdriven OLED applications the TFT needs to act as a

current sonne to deliver the required current level accurately for different goy levels or luminance

Many technical difficulties and challenges have been experimed andiAndied using aSi CPT 13234
the most challenging course for aSi is to maintain TFT performance under the continuous current flow

conditions Until now aSi has not seemed to offer any reliable answer We will review and discuss

TFT performance in the followingseetwnAs
its name suggests lowtemperattre polysilicon aTPS is polycrystalline silicon that talabricated

by a low temperature process The socalled low temperature is only a relative term when tompared

to hightemperature polysilicon Hms which is typically formed at temperatures of 800100WC
Because of the high temperature process HT needs to utilize expensive quartz as a substrate

therefore HTPS is limited to small panel 4ppliptitinns <1 On the other hand LIES is generally

manufactured by a process at less than MOT which is well below the strain point of glass thus the

glass used for polysilieon manufactadurit compatible with the inexpensive glasses that are widely

used by the aSi TFTLCD industry Moreover peripheral circuit integration and a compensation

circuit can be fabricated in LIPS due to its high mobility and better performance characteristics

Systemon glass is therefore tieeouning feasible and has been realized utilizing LTPS technology 35
LTPS has proved to he the only technology able to drive OLEO and give rise to good reliability

however LTPS does have issues of its own luminance non uniformity being a general concern that

need S a better solution Various approaches from industry to tackle non uniformity issues will be

described in the foilossing sections

1431 Comparison of aSi TFT and LTPS TFT for AMOLED

LTPS TFT and aSi TFT have been studied widely as suitable choices for an AMOLED backplane

Table 143 shows a comparison of LTPS a and aSi TFT technologies for AMOLED backplane

applications

Table 143 Comparison of UPS ITT and aSi rvr in AMOLED backplane technology

LIPS lfq a Si TFT

Device performance Excellent Mita

Procesi iroiripicsity Eli Low

Large e cpabitity Medium High

Device reliability load Bad

Rig hnolution 3p11yility Good Bad

The proceiiis Steps in aSi MT fabrication are around six photolithography steps for AMOLED
applications and the process temperature is under 400C Because of the low temperature and simple

processHtvSi TFT6 are easy to scale up in manufacturing Today Gen 7 glass size equipment is in

production 494 Gen 8 is in planning On the other hand UPS wr manufacturing needs a higher

process temperature more eamplic€04 pracass steps intl it is therefore difficult to use glass largtn

than Gen 5 dot to the Unavailability of certain eqUipment such as laser annealing and ion doping

machines Nevertheless the device performance of poly Si TETs is very much better than that of aSi

TETs LIPS is fabricated from the crystallization of an a Si film by excimer laser annealing or by

furnace annealing This crystallization process changes the disordered defect abundant aSi film to a
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more organized polycrystalline silicon film As a result device performance is greatly improved

making it suitable for realizing AMOLED displays

Figure 1413 shows the transfer curves of a polySi TF1 and an aSi TFT The PolySi TFT exhibits a

steep increased performance in the sub threshold region and a higher driving current in the turnon

or saturation region The device characteristics of LTPS TFTs and aSi TFTs are illustrated in

Table 144 It is apparent that the electron mobility of LTPS TFTs is 300 x that of aSi TFTs The high

driving current capability of poly Si TFTs implies that there is potential for a smaller device in the

pixel circuit Using a smallsize device can increase the aperture ratio of the subpixels thus AMOLED
lifetime andor luminance can be significantly improved High driving capability also makes peripheral

circuit integration on glass feasible We can also see from Table 144 that there is a large difference in

threshold voltage Vh the low threshold voltage characteristics of LTPS mean AMOLED displays can

offer lower power consumption

For the reliability study aSi TFT and LIPS 111 devices were investigated under DC bias stress

conditions Figure 1414a shows the aSi TFT transfer characteristics under DC bias stress with

Vth= I 5 V and Vp= 9 V for 40000 seconds The variations of threshold voltage and oncurrent Ion

are shown in Figure 1414b The threshold voltage shift is as large as 095 V during the stress period

it resulted in more than 30 variation in the driving current In other words the luminance change will

be up to 30 during aSi device operation without even considering the decay occurring in the 01ED
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1LUb

1 E08

c

in 1E10
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1E14
12

Vds+ 01 V Vds=+ 10 V
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PTFT IWIL2012 pm

`
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8 4 0 4
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Figure 1413 Transfer characteristics of LTPS TFT and aSi TFT

Table 144 Device characteristics of LTPS and aSi TFTs

LIPS NUM LIPS PTFT TFT

WL = 20 pmr2 m WL = 40 pin55 Ana

Vth V
SS Vdec
Mobility cm2N$

036 1 185

015 015 076

075 848 03
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Figure 1414 al Transfer characteristics of aSi TFT and b the threshold voltage shift and on current variation

under voltage bias stress

device Therefore an aSi driven AMOLED panel will suffer serious reliability issues the luminance or

even the white point of the display changes with the time of device operation and this decay occurs

quickly from the initial stage of display utilization

In contrast to an aSi TUT there is no noticeable reliability issue for the LIPS ptype TFT
Figure 415a shows the LIPS PTFT transfer characteristics under DC voltage bias stress with

Vth = 10 V and Ves = 5 V for 40000 seconds In contrast to the split curves in the aSi case the

1V curves for LTPS TFT during the stress period are almost all overlapped Only small threshold

voltage Vh shift and Ion variation are observed in Figure 1415b It is obvious that 1 varied by less

than 1 during the entire stress period while Vth shifts by less than 01 V The degradation of the LTPS

device is almost negligible and thus it is reliable for the AMOLED applications
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Figure 1415 a Transfer characteristics of LIPS PIFT and b the threshold voltage shift and on current

variation under voltage bias stress

1432 TFT Uniformity Issues in AMOLED Applications

It is well known that the display luminance non uniformity on AMOLED panels generally results from

variation of the backplane Although the LIPS TFT device is capable of driving an OLED device the

pixel topixel level device variation is the key issue that makes the AMOLED panel a concern for

certain applications In order to solve this issue several pixel compensation circuits for AMOLED
applications have been proposed which include the threshold voltage compensation circuit current

copy current mirror and pulse width modulation 3639 Most of the compensation circuits can

greatly improve the luminance uniformity but nevertheless complicated pixel circuits require more

COMPL1351Contentions0002813

SDC EX. 2019 - 30/55



CX061431

402 MOBILE DISPLAYS TECHNOLOGY AND APPLICATIONS

TFTs and capacitors Subsequently the subpixel aperture ratio is reduced In addition good device

uniformity is still necessary even when compensation circuits are implemented because the compen
sation is effective only for a certain deviation range

Polycrystalline silicon film which is formed from amorphous silicon by excimer laser annealing

crystallization or furnace annealing crystallization has many defects at grain boundaries and within

grains In addition to the poly Si defects LTPS TFT characteristics are also very sensitive to the

interface defects between the poly Si film and the gate insulator where the carriers transfer in the

channel of the transistor The common practice to reduce these defects is to passivate the dangling

bonds of these defects by using a hydrogenation process after device fabrication After this

hydrogenation process device performance and uniformity can be improved throughout the whole

glass the socalled longrange uniformity However the pixel topixel level uniformity socalled

shortrange uniformity is crucial to the final display quality and needs more technical tuning to

achieve satisfactory results Below are some examples on the cause and improvement of shortrange

uniformity

The greatest concern about LTPS TFTs for AMOLED applications is the ELA mura wellknown

and extensively used word from Japanese to describe the luminance non uniformity socalled

MURA Variations from pulse to pulse laser energy and laser beam profile are the main causes of

variation in the localized TFT characteristics Subsequently light emits differently in these areas One

typical example from an AMOLED panel with ELA mura is shown in Figure 1416 The pixel driving

scheme for the specific panel shown here is the conventional voltage driving 2T1C PMOS design ELA
laser pulse topulse overlap is over 90 to crystallize the aSi film The results show apparent ELA

pulse topulse line mum The energy variation of the ELA laser pulse contributes to the different

threshold voltage and mobility and results in devices with non uniform driving capability Therefore

knowing how to stabilize the output energy of each laser pulse is key to reducing this kind of mura on

AMOLED panels

Figure 1416 A typical light on image from ELA mura of AMOLED panel

Besides the crystallization process of aSi film the cleaning process is also critical to the luminance

uniformity of an AMOLED display Figure 1417 below shows the typical cleaning mura on AMOLED

panels The distribution of this type of cleaning mura is also shown in Figure 1416 Although the

luminance non uniformity is severe there is no significant difference in device characteristics between

regions that displayed normally and abnormally mura area This type of cleaning mura comes from

contamination in the drying step of the specific cleaning process better control of the drying recipe can

eliminate this mura
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1

1

Figure 1417 Typical light on image from cleaning mum of AMOLED panel

1433 Advanced Device for AMOLED Applications

111

As discussed in previous sections reliability and uniformity are two key attributes to make AMOLED
displays competitive In an effort to make TV devices perform more reliably and uniformly we have

developed a fully selfaligned symmetric FASt lightly doped drain LDD 111 structure 140 411 In

comparison with the conventional semi selfaligned LDD structure the length of the FASt LDD is much

easier to control and scale down in LTPS production which results in more uniform and stable TFT

electrical characteristics especially for smallsize TFTs Figures 1418a and b below show the TFT

structure and SEM micrograph of the FASt LDD The LDD length is controlled by the gate metal side

etching time and photo resist profile so that it is not constrained by photo alignment limitations and is mile h

easier to scale down For a conventional LDD process approach the length of LDD is usually larger than

ltim due to the limitation of photo alignment for large size glass which will cause a large series resistance

for a smallsize TFT However the length of the FASt LDD is easy to control at the submicron level

In order to enhance the TF1 performance the devices physical size such as gate insulator thickness

and channel length is shrunk along with the FASt LDD structure Figure 1419 below shows the

transfer characteristics of 24 nchannel and pchannel FASt LDD LTPS TFTs distributed on

620050 mm glass Table 145 shows the statistical electrical characteristics of FASt LDD LTPS

TFTs These TFTs show good and uniform electrical characteristics such as low threshold voltage and

small sub threshold swing and are suitable for highspeed and low power circuitry They also show

promise in pixel circuits for AMOLED displays

Figure 1420 below shows the transfer curve transformation of a 2 pin conventional TFT with 15 pm
LDD length and a 2 gm FASt TFT with 05 pm LDD length under hot carrier stress HCS The drain

avalanche hot carrier DAHC stress which has been reported as the severest condition in the LTPS

TFI reliability test 142 431 is used to evaluate the reliability of the LTPS TFT To accelerate the

degradation rate the stress drain voltage is 4 V higher than the operating voltage 2V13D and the stress

gate voltage is Vh11 V It is obvious that conventional LDD TFTs suffer severe hot carrier stress

degradation State creation is generated at the high field drain junction region because of the short

channel effect Therefore mobility and oncurrent Vte=01 V degrade seriously in conventional LDD
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111111 n
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6

Figure 1418 a TFT structure and b SEM micrograph of FASt LDD

TFTs due to these created defects in the upper half of the band gap Compared to the conventional LDD
FASt TFTs show better 1ICS endurance in the mobility and on current parameters

Table 146 shows the degradation of electrical characteristics of LTPS TFTs under 100 second

DAHC stress The results show good stress endurance of FASt LDD LTPS TFTs in comparison with

general LDD LTPS TFTs even with a smaller physical size The high reliability of FASt LDD LIPS

TFTs is attributed to the elaborate engineering of the doping process for LDD and the sourcedrain

144 AMOLED Pixel Circuit Design

1441 Pixel Circuit

LTPS was considered mandatory for AMOLEDs because it has the advantages of higher driving

capability superior reliability and higher thermal endurance compared to aSi 441 However the non

uniformity caused by LTPS process variations 1451 as well as its high cost technology impede largepanel
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Figure 1419 The transfer characteristics of 24 a nchannel and 13 pchannel FASt LDD LTPS TFfs distributed

on 620x750 mm glass
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Figure 1420 The transfer curve of the a conventional and h FASt TFT with channel length = 2 pm before and

after hot carrier stress The stress conditions are Ve Voh + IV and Vd= 10 V fort = 0 10 s

Table 145 The statistical electrical characteristics of FASt LDD LIPS TFTs

Nchannel 111s P channel TF1s

AVG STDEV AVG SIDEV

Vo V 071 009 096 007

SS Vder 016 002 015 003
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Tab 146 The gradation of electrical characteristics ef ILTPS TFTs under 100 second DAHC stress

FASt LDD TF1 STD LDD TFT

ANIth V 0018

AttiPo 019

ALoillono Vd = Vs 014

0025

047

048

AMOLED applications Although it was generally believed that aSi tends to generate uniform initial

characteristics 1461 the instability and low mobility of aSi P71 have been a bottleneck for AMOLED
applications Typical 2T pixel circuits for urns and aSi WIN are Sh0V911 in Figures 1421a and lb
respectively Both have an addressing TH MI a driving TFIF M2 and one storage capacitor C
When the scan line is selected MI is open and 1414m will be transferred to the gate of M2 As the scan

1Me is disabled Vd on the gate of M2 still holds due to the fact that charge is stored across Cm The

current 1 flowing to the EL has the following relation

= pycciAwyLyyo1v402 tf2 cok cpwiLypvDD 1402 3

PV DO

PVEE VCISta PVEE

Figur 1421 a UPS 2T1C pixel circuit b aSi 2T IC pixel circuit

where C pi W and L are the channel capacitance per area Channel mobility channel width and

channel length of M2 mpectiveIy yv and VEI are the gatesource voltage and the threshold voltage of

Ml respectively PVDD is changed to PVEE in Equation 3 if the aSi pixel circuit is referred to

Since the OLED is a currentdriven device the brightness uniformity over the panel is susceptible to

variations in device characteristics of Tffs and EL itself However the EL process can be well

controlled and uniformity of EL is not a big issue Figure 1422 below gives one example showing the

mmof screen non uniformity of the brightness for the LTPSdriven AMOLED display 1481 The non

unifounity is attributed mainly to the FLA cleaning and CVD process of UPS Equation 3 indicates

two factors of TFTs that influence the uniformity the mobility and threshold voltage By simple

calculation it can be shown that the percentage current variation tort with respect to the threshold

voltage variation akih and mobility ap are given by

Val 4
cit014 5
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Figure 1422 Image showing the non uniformity brightness

As PVDD Vdplis approaches Va which means low grayscale of the display OW becomes very

large resulting in serious non uniformity for low gray levels On the contrary from Equation 5 the

mobility variation is less important since crII is independent of the grayscale To see how the

threshold voltage can affect uniformity one image with a Va difference of 1 V was applied on purpose

in the center of Figure 1423 49 in which a dark striped pattern can be seen The spatial non
uniformities in output characteristics from device to device of LTPS TFTs make it difficult to generate

uniform current through each pixel for LTPS TFTs For aSi TFTs the threshold voltage tends to shift

during operation leading to differential aging from pixel to pixel To overcome the non uniformity

issues for both LIPS and aSi driven AMOLED displays several compensation approaches have been

proposed and will be discussed in the following sections

Figure 1423 A dark striped pattern can be seen in accordance with the 1V difference of Vit
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14411 Pixel Compensation

One of the solutions to tackle the non uniformity issues is to apply compensation circuits in every

pixel Compensation mewls that the driving TFT ma piXelhas to be compensated for parameters such

as threshold voltage andor mobility so that the output current becomes independent of the

parameters In real casts there are too many factors for eXample the parasitic effects and load

dependent RC time delay of signal hiriee cause the compensation not to he perfect The more the

circuit can compensate the more uniform will become the front ofscreen brightness of the panel

Since every panel has uniformity specifications for long range and short range the compensation

circuits together with the TFT process window must be finetuned to meet them In this section

several published pixel compensation circuits are reviewed analyzed and compared
The pixel compensation circuits Can be categorized in two parts the analog and digital driving

circuits The analog driving circuits comprise voltage compensation current compensation and

hybrid compensation while the digital driving circuits include timeratio grayscale and area ratio

grayscale

14412 Analog Driving Circuits

By analog driving circuits we mean that the grayscale is defined by the data signal either voltage or

current Figures 1424a and h show typical data signals versus grayscale in the 2T pixel Figure 1421

for data voltage and data current respectively Note that a gamma factor equal to 22 is applied in Figure

i424 Suppose there are 256 grayscales for each color there should be 256 corresponding Veee or Lew

14413 Voltage Compensation

Dawson et al 1501 from the Sarnoff Corporation proposed a voltage driven pixel compensation circuit

which contains four transistors and two capacitors The circuit and its corresponding timingare shown

in Figure 1425 below The additional transistors M3 and M4 automatically zero the threshold

voltage of the driving transistor M2 During this period M4 turns off and M3 turns on M2 and M3
form a diode connected structure and the disconnection of M4 forces the voltage at the gate of M2

to be Vg= VDD V1 Ve is the threshold voltage of M2 Now the voltage Refuse the capacitor Cl is

V In the second period M3 is disconnected and Veee is applied The voltage across Cl now

becomes

CVC1 + C2 + 6

Equation 6 is the voltage across Vg of M2 From 3 itemfl found that in the mission period

the current flowing to the cPLED is independent of Va of M2 and is given by

2Cee eiWL yDD Vale x C2 CI + C22 7

The improvement in the pixeltoPixel brightness taliftity is demonstrated in Figure 1426 below

After compensation the image becomes more uniform and according to ref 50 the standard

deviation of the pixel luminance changes from 161 21 to 43 41 at a panel luminance of

15 cdirn2 This is a simple example of a voltagecontr011ed pixel compensation circuit and the basic

principle is the diode connected structure to Sense and store the threshold voltage of the driving TFT

Although there are many voltage driven compensation circuits with 46 transistors and 12 capacitors
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Gray Scaie
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Figura 1424 a Vdaisa With respect to the graysrale for a voltage driven pixel gamma has been considend

L with respect to the grayscale lot a currentdtiven pixel gamma has been considered

Data PVDD

Data
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4014111111911411111rMANCIMMEINONOMMOIOXS01066116

SW2

Select

Figure 1425 The 4T2C voltage driven prxei compensation circuit and ii tinüng
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Figure 1426 Comparison of the light on results before and after correction

they follow the same basic principle From a design point of view fewer control lines and power lines

are preferred for a compensation circuit in one limited pixel size and moreover easier operation of the

pixel is also desired

Ono et al 1511 from IDT proposed a voltage controlled 4T1C pixel circuit for an aSi AMOLED
Figure 1427 shows the proposed pixel circuit and its corresponding timing There are four control

lines MRG RS 11 SCT and COM These control lines can be generated externally in the driver IC or

power IC During the compensation cycle the OLED device serves as a capacitor CoLED The pixel

operation can be divided into four periods as indicated in the timing in Figure 1427 The operation of

each period will be analyzed as follows

DATA

FIST

j OLED

SCT M3

MI
Cs

M
Rai p42

PVEE

a
1E14

PVEE

M
R

G
R

ST

Write data
Preparation

VP
I

rrOgramyth Emission
S

I ov

SCT

DATA
OV

Figure 1427 The 4TIC voltage driven pixel compensation circuit for aSi TFT and its corresponding timing

I Preparation The purpose of this period is to prepare the voltage at some nodes for programmingV The voltage of the COM line rises to some voltage level eg Vp and the voltage at node B Vb
will become Vp as well The voltage at node A V becomes higher than Vp due to the fact that in the

emission period from the last frame V was higher than that at Vb If VP is higher than Vth of T414
would conduct reversely ie current would flow from the COM line to ground At the end of the

preparation period the voltage at node C Vc approaches Vp since very low current is flowing The

turn on of T3 turns off T4 and Va equals V
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2 Program 14 The voltage at the COM line changes from to ground 0 V14 turns on and serves as

a diode connected structure and C is charged to vth of 14 V and V now become Mb at the end of

the Vtb programming period

3 Write data Vda is written from the DAT line and Vb equals Vdata Now Va = Ve becomes

Vdatz X CsCs Cowl Vtb 8

The Vg of T4 is the voltage V Vb and is expressed as follows

VdataX CodCs + Copad + Vai 9

In the last period

4 Emission The current flowing to the OLED from Equation 3 is

I = 02cAwLvdatx ColecIACs C01ed2 10

Equation 10 is independent of Val of the driving TFT Figure 1428 depicts the simulation results

and Figure 1429 compares the deviation of the drain current for 4T and conventional 21 with respect

to the variation of Mb of the driving TFT The proposed 4T ensures that deviation of the drain current is

less than 15 for dVth = 5 V One drawback that has to be mentioned is that a longer time is required in

the Val programming period due to the fact that the low driving capability of aSi TFT has to charge the

large OLED capacitance The longer programming time 3 ms limits panel operation during one

frame Row by row programming of Vth is not possible The panel frame sequence starts with Vth

programming for all pixels simultaneously followed by data writing row by row and then emission

The control lines of MRG RST and SCT are easily generated from the external 1C however the COM
power line has three levels of voltage changing alternately which limits the accuracy of programmed

Vth resulting from the parasitic capacitor across the gatesource of 14

30

20

Emi

in

20

Pit rofflorii Write data

41 Program Vth Emission

1jr
rth

e I
I

1

v a
Vdatif

2

Time ma

4

Figure 1428 Simulation result to show pixel operation

5
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Figure 1429 Covaptirison of the deviation of the drain current for 41 and conventiona1 2T with respect to the

variation of Vth of the driving TFE

Sanford and Libsch 521 from IBM T J Watson Research Center proposed a simple Vd correcting

circuit Figure 1430 shows the proposed pixel circuit and its corresponding timing The circuit is

simple with three TM one capacitor and two control lines The operating principle is similar to the

previous one One frame is divided into three sections The first section sets and stores the threshold

voltage across the storage capacitor through the diode connection of T3 and therefore V equals Va of

13 In the second section the data is written into the pixel row by row The voltage across the storage

capacitor now becomes Mi x CoidC 4 COltri Vth In the final emission section the cathode

voltage V becomes more negative and the current flow into the OLED will be independent of 7 of

T3 At the beginning of one frame Vca is high WV tar a while which acts as a preparation period in

Figure 1427 The transistor T2 is only open during the Nit programming period to make Va = 0 V
which can also be realized as the row line is selected and make Vdat 0 V If such timing is given T2

can be neglected leading to a more simplified pixel compensation circuit with only 2T1C

Data

PVEE

write data expose

data

write Tvt

Figure 1430 The 3T1C voltage driven pixel compensation mom and its tuning
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The accuracy of the compensation circuit is limited by two factors the first one results from the

parasitic effect when V changes from 0 V to 18 V The voltage across the storage capacitor will be

changed The second factor occurs during the period for data writing At the end of the Va
programming period the voltage across the OLED is Vh After the Vdad programming the voltage

across the OLED becomes Vdind x CAC + Ca Vth which is smaller than OV for a typical case

Therefore T3 will conduct to charge up the OLED and the voltage across the storage capacitor will

change The Vitt compensation error can be observed in Figure 1431 in which the luminance

difference is 20 for Vdatt higher than 2 V For Vdata smaller than 2 V the pixel circuit may fail to sense

the accurate Vth To lower the compensation error another transistor in series with T3 to block the

current during the data writing period is suggested

100

80

60

e 0
a as
▪ 40

11 20

0

Conventional

a
I

Proposed

2 4 6

Vdsta V
10

Figure 1431 Compensation error occurs when Vd is smaller than 2 V

Du Zen Peng et al 53 541 from Toppoly Optoelectronics Corp proposed another pixel

compensation circuit which compensates not only the threshold voltage of the driving TF1 but also

the EL power voltage drop on the power lines The pixel circuit contains five transistors and one

capacitor and is shown in Figure 1432 below together with its corresponding timing The operation of

the pixel is divided into three periods The first period is to discharge c in preparation for data loading

and programming The second period loads Vd into node A and meanwhile the driving TFT M3 and

M4 form a diodeconnected structure and the voltage at node B will be charged to approximately

PVdd Val where Vat is the threshold voltage of M3 Therefore the voltage across C now becomes

VAB Vd PVdd Vai In the final period M2 turns on and the voltage at node A equals V
ref

and

now the voltage at node B becomes Ka VAB Vdatit PVdd Vth From Equation 3 the

current 1 flowing into EL has the following relation

1 = 12C0AWLVdata Vrf2 11

Notice that current I is independent of the of M3 and the EL power voltage PV0 The simulation

results can be found in Figure 433 below in which the current variation is very small <5 for Va

changes from 11 V to 18 V calculation normalized to = 14 V The fact that the EL current

is independent of PVdd is advantageous especially for largepanel AMOLED applications since in

large panels the current in the power line is large which causes the voltage drop due to the finite

resistance on the power line For the conventional 2T structure the luminance and hence uniformity

will be influenced by the EL power voltage drop Figure 1434 below compares the current variation for

21 and 5T pixel circuits assuming PVdd drops from 10 V to 9 V The current variation is within 10
even for a 1 V drop of PVdd for the proposed 5T structure
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Figure 1432 The 5T1C voltage driven pixel compensation circuit and its timing
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The drawback of the pixel circuit is that only one capacitor is used and is subject to a feed through

effect easily on node Vb during operation which may cause voltage deviation on node Vb This

however can be recovered if Vd is higher than expected and then the programming of Vti will not be

influenced by the feed through effect

14414 Current Compensation

Since the OLED is driven by a current and its luminance is proportional to that current it is logical to

apply current data to the pixel Dawson et 41 55 from the Sarnoff Corporation proposed a current

driving pixel compensation circuit Figure 1435 depicts the pixel circuit and its corresponding timing

The operation of the pixel is simple Before Idaut is ready the transistor MN4 is turned off and when

I1 is ready MN1 and MN3 turn on and the current flows into he driving TFT MN2 MN2 is a diode

connection structure and the storage capacitor will be charged to one voltage according to Id and the

characteristics of WIN2 such as mobility and threshold voltage In this niannei the deviation of the

mobility and threshold voltage of the driving TFI will be compensated by the voltage across

the capacitor In the emission cycle MN1 and MIN3 turn off while IVIN4 turns on and emission starts

The amount of current flowing into the OLED IAed and hence the luminance of the panel depends on

the voltage across the storage capacitor This kind of pixel is known as current copy due to its operating

principle Ideally 1311 equals lld and is independent of the TFT pararneteni There are however

issues that have to be considered

Data

yap

Select Lr
Figure 1435 The 4T1C currentdriven pixel compensation circuit and its timing
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The first issue is that the driver IC is not common and does not exist commercially One difficulty for

the driver IC is that it has to provide channel tochannel accuracy of Id especially at low grayscales

At a low grayscale the required L is as low as several nA and driver IC output uniformity within the

nA range is not guaranteed An other issue is also encountered at low grayscales During the

programming period the very low current from the IC has to charge not only the storage capacitor

in the pixel but also the whole data line it is connected to Therefore very long programming time is

expected which limits either the image quality or the panel resolution Yet another issue arises for the

quick test procedure of the panel This procedure means that before IC bonding every panel is

examined with a simple plain or monochrome image to check the panel uniformity and functionality

This nomtal procedure however is not suitable for currentdriven AMOLEDs since too many pads are

requited for driving the panel which is not practical for mass production and inspection The issues

described above can be tackled by applying the currentminor type of pixel compensation circuit and

will be described as follows

Sasaoka er al 561 from Sony Corporation developed a currentdriven pixel compensation circuit

The pixel contains four transistors and one capacitor and is illustrated in Figure 1436 The pixel

structure is known as the current mirrortype and the operating principle is simple and similar to the

cutrentcopy type When write scan and erase scan are selected 1Nt on the data line is ready and

flows from Vdd to the external driver IC through the diode connection transistor T1 The flowing

will charge the capacitor and finally a voltage Vta will be stored across the capacitor The deviation

of the characteristics of TI such as mobility and threshold voltage will be selfcompensated and Vd
corresponds to the deviation The currentmirrorpixel has some advantages over the CUrreritcopy pixel

in that Id for the currentmirrorpixel can he made larger during the programming period simply by

adjusting the Wit ratio of T1 and Ti By programming larger Ithaa the previously described issues for

the currentcopy pixel can be tackled To keep the same amount of current flowing into the OILED the

dimensions of T1 and T2 must be tuned to ViiLn kVi8L1 where k is a factor larger than 1
depending on how much L is shrunk under the assumption that the threshold voltages of the two

transistors T1 and 12 are identical In actual practice although TI and T2 are different transistors and

hence have different threshold voltages T1 and T2 are placed close to each other in the layout and are

well designed to minimize the Vo difference More examples of currentdriven pixel compensation

circuits can be found in Figures 14371439 below

SW1

SW2

Data

PVDD

Figure I436 The 4T1C current mirror pixel compensation circuit
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aaMads

Figure 1437 A 4TIC curfentdriven pixel compensation circuit which can be applied in urps TMs

PVDD

Figure 143$ Another example of a 4TIC current driven Owl compensation circuit which can bc applied in

LIPS Irts
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Figure 1439 A 4TIC currentdiiveri pix compensation circuit which can be applied in both 1TPS and aSi IFTs

14415 Digital Driving Circuits

In contrast to the conventional types of AMOLED displays digital driving communicates data

information by way of digital signals The digitally driven pixel has only two states on and off The

erayscale of each pixel is determined by either the emission tune within one frame or the area it emits the

former is called timeratio grayscale and the latter maratio grayscale Hitachi proposed a particular pixel

circuitl57 58lnamed clamped inverter driving in 2002 which is a hybrid of voltage digital driving The

pixel is turned on and off according to the analog V13ta input from the driver IC and the other sweep signal

The details of this clamped inverter driving are described as follows

Figure 1440 depicts the clamped inverter pixel proposed by Hitachi The V0 and sweeping signal

within one friable are also indicated in Figure 1441 below The panel operation is divided into two

periods per frame the first period is for data writing for all pixels in one panel and the other period is

for panel emission In the first period analog Vaiik3 is written into its corresponding pixel through El in

the meantime T2 is turned on and the voltage at node A V will be clamped at one voltage V as shown

in Figure 1442 below The voltage across the capacitor will be Vdam In the second period the

Sigial voltage

TI

Data line

Sweep line

Inverter

T
Sweep gate line

Input line

OLED

Reset line

Figure 1440 Clamped inverter pikel circuit
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Writing mode Illumittation mode

Data line

voltage

OLED

Vda High

V Low
thia

Figure 1441 Operating principle of the clamped inverter pixel

Input

Figure 14A2 The inverter characteristic showing that it will be biased at V if input equals output

sweeping signal starts T3 is turned on and T is turned off V now becomes variable and is controlled

by the sweeping signal minus the voltage V14 V Le = Vdata Ve Since the amplitude of

the sweeping signal changes with time Nr will also change with time at the same rate if

Vh <0 then Nc < V and the OLED will be driven by a constant current Bright If

Gp VdaLa > 0 then V > V and no voltage will appear across the OLED Dar10 For one pixel

Vdata determines the emission time and hence the graystale Information on the threshold voltage and

mobility is determined in K and the emission time does not depend on V
Although the pixel circuit can achieve AMOLED displays with bener uniformity another issue is raised

during operation The power consumption miky be higher than expected During the data writing period each

pixel is biased at and both PTITfs and NTH s will turn on which consumes extra power In the emission

period the sweeping signal changes alternately and vikien appnoitebes Ng extra power is consumed

14416 Time Ratio Grayscaie

Tilneratio grayseale has been conventionally used for plasma display panels PDPs and any time

ratio driving method for PDPs may also be applicable to AMOLEDs Mizekami et 121 11591 from

Semiconductor Energy Laboratory SEL applied the digital driving approach to a VGA AMOLED
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display The pixel circuit can be as simple as the 2T1C structure and is redrawn in Figure 1443 Figure

1444 depicts the OLED current versus the input data voltage for different characteristics of the driving

TFT It can be seen that for any fixed Vd between MI and Vsh iaLED will vary due to different TFT

characteristics However for Vdat = Vi which drives the TFT into the linear operating region

excellent image uniformity can be obtained since the current of the driving FYI in this region is

expected to be similarall over the panel It is therefore better to have the driving TFT operate in the two

states Vs and VA only The grayscale of each pixel is determined in Figure 1445 below in which 6

bits are used For 6 bit operation one frame is divided into six sub frames SFILSF6 The initial time

TA for each sub frame is reserved for data writing over the whole panel and during each TA period the

cathode voltage is pulled high 14 to make sure there is no emission during data writing The rest of

the time for each sub frame is for the emission period TL1TL6 The emission periods for TL1TL6

are ratioed according to the time weight of the 1st 2nd 3rd 4th 5th and 6th bits For example the data

of 101100 should store VA Mil Vsi Vi V Vsh at the gate of the driving WU for TL1 to TL6

respectively

Switching

TFT

Vdata

1
0
L
E

D
I

PVDD

Driving

TFT

EL

Cathode

Figure 1443 Simple 2T1C circuit for digital driven pixel

Vsignal

Variation of

Driving TFT

characteristics

Vsh

Figure 1444 The output Iokd versus the input data Vsignal for different devices
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Figure 1445 Conceptual drawing of the operation of digital driving method within one frame

Although this approach gives excellent luminance uniformity one drawback is that the pixel

requires very rapid data addressing for each sub frame or the emission time will be shortened which

influences the EL life time if total front ofscreen luminance is kept constant Eight bit operation will

become even more difficult from the design point of view Another drawback is that the luminance is

linearly proportional to grayseale which means that this method can only be applied for a linear

gamma panel In this circuit the cathode has to be turned on and off six times within one frame and

this may lead to spike noise on the panel and extra power consumption To avoid this the same group

SEL proposed a modified approach 1601 and the pixel circuit is drawn in Figure 1446 The driving

approach within one frame is also illustrated in Figure 1447 below In Figure 1446 the pixel contains

one extra transistor SW2 and one extra signal line ES line When the ES line turns on the transistor

SW2 the charge on the storage capacitor will vanish and no current flows into the OLED The pixel

operation is different from the previous one in that the pixel emits at the time when the data is written

into the pixel When one sub frame starts the data is written row by row into the pixel and hence the

emission starts row by row After a time which depends on the corresponding emission time for the

subframe the OLED is turned off by turning on switch SW2 row by row One sub frame is then

finished and is followed by the data writing and emission for the next sub frame Notice that in this

modified approach the total emission time in one frame is longer than that in the previous approach

and the cathode voltage is always kept constant To further increase the total emission time and

decrease the data addressing frequency a continuous sub field with a multiplex scanning system and a

multiple addressing method were proposed by Ouchi et al from Hitachi Research Laboratory 1611 and

Tagawa et al from Sharp Corporation 62 respectively These approaches however required more

complicated peripheral driving schemes

Write
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Figure 1446 Another digital driven pixel circuit with one extra transistor and one signal line
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Figure 1447 Improved operation of digital driving method to increase the etnitting time in one frame

14417 AreaRatio Grayscale

In the area ratio grayscale method the emitting area is modulated and divided into several sub

areas depending on the grayscale The concept of this approach can be seen in Figure 1448 in

which one pixel is shown for 3 bit grayscale The ratio of the emitting area is 421 while the other

area is left for addressing and driving TETs and storage capacitors One advantage of this approach

is that if the driving TFT is biased at Vd orl4 see Figure 1444 during emission uniformity can be

obtained since the grayscale is determined by the ratio of the emitting areas The disadvantage is

however the limited grayscale due to die limited area for subdivision within one pixel Kimura

et al 63 from Ryukoku University applied this approach to a TFTdriven polymer display and a

picture of the emitting area as well as the driving TFT in the pixel can be found in Figure 1449

below The details can be found in ref 63

4
2

TF Ts

Figure 1448 Idea of the area ratio grayscale approach within one pixel
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Figure 1449 A picture shows the emitting area as well as the driving TEl for the arearatio grayscale approach

145 Summary and Outlook

The invention of the OLED has produced an exciting emissive display that can naturally deliver vivid

front ofscreen visual experiences It shows great potential to become a disruptive technology to the

existing dominant display technology TFTLCD The OLED offers potentially a lower bill of materials

BOM cost simpler structure and process and far better performance in contrast ratio response time

viewing angle and color saturation Looking back at its history the first LCD panel was produced in

1960 but aSi TFTLCD mass production started in the late 1980s and early 1990s almost 30 years

from invention to commercialization The first efficient OLED device was described in 1987 and the

first AMOLED product appeared on the market in 2003 The AMOLED has shown a much faster pace

to commercialization The maturity of IFIs in the LCD industry played an important role in

accelerating AMOLED commercialization

However the commercialization activities slowed down considerably after 2003 The production

yield did not improve quickly with issues relating to fine shadow mask and TFT non uniformity being

two major bottlenecks These have been iliased extensively in this chapter Alternative device

architectures and compensation schemes have been widely studied and implemented
The slow rate of commercialization is due to technical issues but none of them is critical enough to

seriously slow the whole technology There is also the market situation to bear in mind With the

expansion of Gen 5 6 7 and 8 continuously driving the LCD size to be larger and larger notebook

PC monitor and TV panel prices have all dropped significantly All of a sudden Gen 3 or even Gen 4

has become less economic in terms of large panel production Meanwhile with the Internet boom in

the late 1990s the multimedia and digital era emerged With more and more functions built into mobile

devices such as camera phones and mobile TVs small to medium displays suddenly became a sweet

market with perglass revenues several times those of large panels As a result more and more Gen 3

and Gen 4 FABs started to make small to medium panels and over supply issues then became a

serious problem leading to a price drop of 4050 in just a few years This dramatic market change

and a serious price war have made it hard for the newcomer AMOLED to enter the market

Being directly involved in LCD and OLED development and production for many years we feel the

performance of the AMOLED is as good as it can be and as beautiful as advertised It is ready to enter

the small tomedium display market and significant increases in AMOLED production volumes in
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2007 seem to indicate a new dawn We believe that in just a few years from now we will see AMOLED
panels in many of our mobile devices and pee will COntintiOusly ask for OLEDs
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