1 A Light Emissive Device Structure and a Method of Fabricating the Same FIELD OF INVENTION 5
The present invention relates broadly to a light emissive device structure and to a method for forming a
light emissive device structure. 10 BACKGROUND An organic/polymer light-emitting device
(OLED/PLEDyds2typicaltysa thin film emissive device comprising layers of iorgenmsdesisedes and
functional organic/polymeric semiconductors. A stack of functional organic layers is typically 15
sandwiched between an upper electrode and a bottom electrode. When an OLED/PLED device is
electrically biased, electrons and holes can be injected from the respective electrodes into the device.
The electron-hole pairs recombine in an emissive yegion of the device to emit light. The light emitted in
an OLED/PLED is typically isotropic. 20A metallic cathode is typically used to reflect the light emitted
in an electrolumifid<EBhETRFSMEL S (isfaduauransp s BistbphatRaiviasting thewisewhaving such a
configuration typically have low contrast ratios and the visual image of such devices is typically poorly
legible. Therefore, it has been recognized by the inventors that reduction of ambient light reflection
from an emlﬁ%dé%(ﬁg\)%%% d for e.g. high 25contrast OLED/PLED displays. Circular
polarizers are cally'us hance the contrast ratios in OLED/PLED displays. However, circular
polarizefs are expensive and polarize the emissive light. Further, an additional bonding step is typically

required in the dispiay p3@fekrisaligRimroerssiodnslhencispar pelaizess thvs BEUYIng an extra
costto prOdlﬁ%{RQd%rQ&n%Réjaaﬁﬁg g”rﬁgé@ésde\éce structure,

10 BACKGROUND

An organic/polymer light-emitting device (OLED/PLED) is typically a thin film
emissive device comprising layers of inorganic electrodes and functional
organic/polymeric semiconductors. A stack of functional organic layers is typically

15 sandwiched between an upper electrode and a bottom elecirode. When an OLED/PLED
device is electrically biased, electrons and holes can be injected from the respective
electrodes into the device. The electron-hole pairs recombine in an emissive region of
the device to emit light. The light emitted in an OLED/PLED is typically isotropic.

20 A metallic cathode is typically used to reflect the light emitted in an
electroluminescent layer (EL) towards a fransparent anode/substrate. Devices having
such a configuration typically have low contrast ratios and the visual image of such
devices is typically poorly legible. Therefore, it has been recognized by the inventors that
reduction of ambient light reflection from an emissive device is desired for e.g. high

25  contrast OLED/PLED displays.

Circular polarizers are typically used to enhance the contrast ratios in
OLED/PLED displays. However, circular polarizers are expensive and polarize the
emissive light. Further, an additional bonding step is typically required in the display

30 fabrication process to install the circular polarizers, thus incurring an extra cost fo
production of OLED based displays.



WO 2008/123833PCT/SG 2008/000109 2 In addition to using circular polarizers, the feasibility of
employing a low reflectivity cathode to reduce ambient reflection for achieving low reflectivity OLEDs
or PLEDs has been investigated. In US patent no. 6429451, Hung and Madathil demonstrated that

calcium hexabaside{GCais) can be used as an ambient light reduction 5 cg /Q&&Q@% i{%highly
t

conductive with a low work function and is substantially black in bulk form. However, a Eough the

alternative electron injection layer of CaB6 has low reflectivity, obtaining a uniform CaB6 film with
stable optical and electrical properties is practically difficult in the deposition process. 10Further, a
variety of multilayer black cathode structures have%also been developed to minimize light reflection at
organic/cathode interfaces. For example, in US patent no. 6429451 and in L.S.Hung and J.Madathil,
Adv. Mater., 13 (2081 PIF8I dreffitdionels QLEDzeith thentitilayies blackreaityode stiggture of
LiF/AI2nO/AtefiasiviepostasicTn @m&méwlwc@&%&a&%ﬁ@e@%%ﬁf&%% zinc oxide film
was 15 depesitgél by thermal mﬁ Q{% n.!;l;h%éinca%xipe film_acts as an optical a soﬁ)lng layer to
reduce the ambient light reflection from t'e_metallig cathode. %r %Wégd@%\fﬁﬁ@&ﬁ@ is that the
evaporated fr%@(’t?%f@%qg/tﬁﬁs“ﬂﬁ'ii?‘é@ﬁm"@@d&%%i‘ﬁ9f1é’@(ﬁiﬁ@&@%ﬁiﬁm@@ﬁé@htﬂ'@mmact resistance

and henge tiethadeofiafelimbah® fRenaiits Outh Saltatew ik Eleballs sRald2ebsanang e Ghyistou, Thin
Solid Films, Bdf 2060)id0&=20:AlsR e MO f.a hi ondugti lack carbon film in a
multilayer cag%;%%%,ﬁﬁys&%@m‘irhis blaf c%}%%g%%%ﬁ%ﬁﬁl e%%%t?%%efn?iggr Ta%%ﬁ' magnesium,
an optically absorbirtg and electricaly 0 eV EE 5 Ryetiem dafthleRaamiarassyer. This
muItiIayered%ﬁf@&@&tﬁgﬁ&@ihﬁaﬁhé%@ﬁﬁ%kﬁﬁ@éﬁmjection property as compared to a typical Mg/Al

cathode but has a much lower reflectivity. The results by Renault et.al. 25 show that light reflection is
reducegfrom about (%o for devicess using typical cathodes to about 60% for the multilayer cathode.
1-1.Aziz, Y.F Liew ?e.l:\/l.G_randin ;g\d Z.D.Pgo%og\'l/ig%illi%pléagﬁ?/%? K ?’t'.cftgrfs(ZB%‘?) I8 hieHlso proposed
using a blackCatRBe R SHsTIER BeBbisEiRR igtieam sErYNRg T dpieravath Tahaxeewlef orgknic materials
and metals. PRATEVEr, #1284bbwacbiadk Takivar escarchansentialyvapplisable feroen]yssaall,30 molecule

OLEDs.  réneadgitiess msas amaLonsamaf being apinersrense dsﬁ%ﬁé@ﬂf@%{%ﬁé‘sg |I\(|)c\)N3

(2002) 18 a0 B LA a0l U AL BNGET S BEVLAeaHm AR ager. The above
technoldgy GEBEHEDBEHEATE evanerien T e nearsafimmrtersrooitiver ablanaveraas the
technology taisreduesy tharravbieracésis \wisdensnieirend Oy ariig:indi daterigiange layar thickness
resulted in aylacRidbge EFIHEMBHRISHW Gl R BOIPULNAT yory limited Success.
to an increase in the contact resistance and hence the turn-on voitage. O.Renault,
0.V Salata, M.Etchells, P.J.Dobson and V.Christou, Thin Solid Films, 279 (2000) 195
20 also demonstrated the use of a high conductive black carbon film in & multilayer cathode
system. This black cathode comprises a thin electron injector layer of magnesium, an
optically absorbing and electrically conductive carbon fayer and a thick aluminium layer.
This multilayered black cathode has a similar charge injection property as compared to a
typical Mg/Al cathode but has a much lower reflectivity. The results by Renault et.al,
25  show that light reflection is reduced from about 100% for devices using typical cathodes
to about 60% for the multilayer cathode. H.Aziz, Y.F Liew, H.M.Grandin and
Z.D.Popovic, Appl. Phys. Lett., 83 (2003) 186 has also proposed using & black cathode
comprising conductive light-absorbing layers with mixtures of organic materials and

metals. However, the above black cathodes are essentially applicable for only small
30 molecule OLEDs.

in addition, based on a concept of using an interference desfructive layer in 3 low
reflectivity cathode for OLEDs as reported in A.N.Krasnov, Information Display, Vol. 18,



Further, based on W002137568 and W002137580, it has been demonstrated that the usage of a
volume or surface diffuser can enable reduction of total internal reflection and can also enhance the
brightness of an emissive device. In addition, EP1363180A2 10 and US20040012326A1 reported the
use of an indie Hnsozieiax(1TO) layer with grating patterns for improving the coutrast ratief an OLED
display. However, this technique typically involves a number of critical process steps during device
fabrication, thus making it practically difficult to perform. 15Hence, there exists a need for a light
emissive device structure and a method for forming a light emissive device structure which seek to
address at least one of the above problems. 20 SUMMARY In accordance with an aspect of the
present invention, there is provided a light emissiv& device structure, the structure comprising, a
transparent dtibstrétedd tidnspatéht dleerrode. férmed ) thewanspriensisyhsicatr g, more light

emitting 25 lapesk fogpued ondhadianseaientglscikedes Ailieciva slecipde qrmegkan fhe one or
more light enim gé%xer%' an 0atexture layer for{ged on the transparent substrate for enhancing light

contrast of the %éwpe.e'li‘yeerétru&ﬁygrrﬁgy%ftﬁ%% A e  Gra ORI SRR viRERY Byér. 30 The
gradient refracAvE@TRER falfes iMayaseen frstetorsigssreassiteplight feflectitn ohtngdightremissive
device sfructwiactdrithelusacianticalraetiveriniaxelygssmay function as the transparent electrode.

The gradient refractive index layer may comprise a transparent conducting oxide (TCO) layer. The

TCO layer may corpBrise an o>éygen deficient TCO material.
rther, based an WO02/37568 and WO02/37580, it has bean demonstrated that

the usage of a volume or surface diffuser can enable reduction of total internal reflection
and can alse enhance the brightness of an emissive device. In addition, EP383180A2

10 and US20040012328A1 reported the use of an indium tin oxide (ITO) layer with grating
patterns for improving the contrast ratio of an OLED display. However, this technique
typically invoives a number of critical process steps during device fabrication, thus
making it practically difficult to perform,

15 Hence, there exists a need for a light emissive device structure and 2 method for
forming a light emissive device structure which seek to address at least one of the above
preblems.

20 SUMMARY

In accordance with an aspect of the present invention, there is provided a light

emissive device structure, the structure comprising, a transparent substrate; a

transparent electrode formed on the transparent substrate’ one or more light emitting

25  layers formed on the fransparent elecirode; a refiective electrode formed on the ona or

more light emitting layers; and a textured layer formed on the transparent substrate for
enhancing fight contrast of the device.

The structure may further comprise a gradient refractive index layer.
30

The gradient refractive index layer may be capable of suppressing light reflection
of the light emissive device structure.



The textured layer may be formed on an outer surface of the transparent substrate, 10 The
textured layer may be formed as a surface modification of the transparent substrate. The
textured layer may be textured using a chemical technique, physical 15technique or both. In
accordance viith zitethessaspect of the present invention, there is provideda-methad farfeyming a light
emissive device structure, the method comprising, providing a transparent substrate; forming a
transparent electrode on the transparent substrate; 20 forming one or more light emitting layers on the
transparent electrode; forming a reflective electrode on the one or more light emitting layers; and
forming a textured layer on the transparent substrate for enhancing light contrast of the device. The

method may further comprise forming a gradient refractive index layer. The gradient refractive
index layer may be 'C&FEBieBrslippies direx gt dtorion tdtightremissiveldeniee structure. The
gradient refractive index layer may function as the transparent electrode. The gradient refractive

index layer may comprisg.a.langpaIan}{ iIng oxide (TCO) layer. 5 The TOO layer may
comprise an %@?an déb?icient TCO mate%%%%g%ey teXTLTaer IByEr PRATF BRI D A4S outer surface
of the tr%nsp%ren &Btrate. 5

The TCO layer may comprise an oxygen deficient TCO material,

The textured layer may be formed on an outer surface of the fransparent
substrate,

10

The textured layer may be formed as a surface modification of the transparent
substrate.

The textured layer may be texiured using a chemical technique, physical
15 technigue or both.

in accordance with another aspect of the present invention, there is provided z
method for furming a light emissive device structure, the method comprising, providing a
transparent substrate; forming a transparent electrode on the fransparent substrate;
20 forming one or more light emitting layers on the ‘trénspareni electrode; forming a
reflective electrode on the one or more light emitting layers; and forming a textured layer

on the transparent substrate for enhancing light contrast of the device.

The method may further comprise forming a gradient refractive index layer,

25
The gradient refractive index layer may be capabie of suppressing light reflaction
of the light emissive device structure.
The gradient refractive index layar may function as the transparent electrode.
30

The gradient refractive index layer may comprise a transparent conducting oxide
(TCO) tayer.



The textured layer may be formed as a surface modification of the transparent substrate. The
textured layer may be textured using a chemical technique, physical 10technique or both. BRIEF
DESCRIPTION OF THE DRAWINGS 15Embodiments of the invention will be better understood and
readily appar&it td8nesefiordinary skill in the art from the following writtengesesiptiomobyvay of
example only, and in conjunction with the drawings, in which: Figure 1 is a schematic side view
diagram of an organic light emitting device 20 (OLED) in a preferred example embodiment. Figure
2 is a schematic diagram illustrating a bead blasting technique in an example embodiment. 25Figure
3(a) is a schematic side view diagram showing a sgrface having a surface roughness of tenths of a
micro-inch. Figure 3&%is a schematic side view diagram showing a surface having a surface
roughness of hundrEtfs 1 AR SR 0T girevpRs deficipit MiStmaeganeasurement of average
roughness Ra. 6 Figure 5(a) is a schematic diagram illustrating a sample control OLED structure

comprising a normagld Qanade a@;fép‘%ﬂa?”b@ f%éﬁw%éséns%‘%sg&t@er surface of the transparent
subslrate.

5

The textured layer may be formed as z surface modification of the transparent
substrate,

The texiured laver may be textured using a chemical ,iechni-que, physical
10 technigue or both.

BRIEF DESCRIPTION OF THE DRAWINGS

15 Embodiments of the invention will be better understood and readily apparent
to one of ordinary skill in the art from the following written description, by way of
example only, and in conjunction with the drawings, in which:

Figure 1 is & schematic side view diagram of an organic light emitling device
20 (OLED) in a preferred example embodiment.

Figure 2 is @ schematic diagram illustrating a bead blasting technique in an
example embodiment.

25 Figure 3(a) is a schematic side view diagram showing a surface having a surface
roughness of tenths of a migro-inch.

Figure 3(b) is a schematic side view diagram showing a surface having a surface
roughness of hundreds of a micro-inch,
30

Figure 4 is & graph ifiustrating measurement of average roughness Ra.



Figure 5(b) is a schematic diagram illustrating a sample control OLED structure 5comprising a gradient
refractive index ITO anode formed on a flat glass substrate. Figure 6(a) is a schematic diagram
illustrating a sample OLED structure comprising a normal ITO anode formed on a textured glass
substrate of spexatpiesembodiment. 10 Figure 6(b) is a schematic diatFasrillasirating a sample
OLED structure comprising a gradient refractive index ITO anode formed on a textured glass substrate
of an example embodiment. 15Figure 7 is a graph of current density (mA/cm2) J vs voltage (V) V of
fabricated samples for performance comparison. Figure 8 is a graph of luminence (cd/cm2) L vs
voltage 01 V of fabricated samples for performangg comparison. 20 Figure 9 is a graph of
efficiency (cd/A) E vs voltage M V of fabricated samples for performance comparison. Figure
10 is a graph of refle¥5hee s P Elrarde AP I Usrleserfante o8EshiparR S Y igure 11 is a
graph of contramstiisitip { GR)ebifiininaisirafledtamedi{lbleRsidrsppeiformance comparison. 30Figure 12
is a schematic flowchart for illustrating a method for forming a light emissive device structure in an

example embOdlm%ng{Jre? 5(b} is a schematic diagram illustrating a sample control OLED structure

5 comprising a gradient refractive index 1TO anode formed on a flat glass subsirate.

Figure 8(a) is a schemalic diagram illustrating a sample OLED structure
comprising a normal ITO ancde formed on a textured glass substrate of an example

embodiment.
10
Figure 6(b) is a schematic diagram illustrating a sample OLED structure
comprising a gradient refractive index ITO anode formed on a textured glass substrate of
an example embodiment.
18 Figure 7 is a graph of current density (mAjem?) J vs voltage (V) V of fabricated
samples for performance comparison.
Figure 8 is a graph of luminence (cd/em®) L vs voltage (V) V of fabricated
~ samples for performance comparison.
20

Figure 9 is a graph of efliciency (cd/A) E vs voltage (V) V of fabricated samples
for performance comparison.

Figure 10 is a graph of reflectance (%) ve wavelength (nm) for performance
25  comparison.

Figure 11 is a graph of contrast ratio (CR) vs luminous reflectance (%) R, for
performance comparison.

30 Figure 12 is a schemafic flowchart for illustrating a method for ‘fbrming a light
emissive device structure in an example embodiment.



DETAILED DESCRIPTION In the example embodiments described herein, a high contrast in
OLED/PLED displays may be achieved by preferably fabricating a light emissive device such as an 5
OLED using a gradient refractive index transparent conducting material, e.g. transparent conducting
oxide (TCO)¥&lesrgdisq®.g. an anode) on a transparent textured substrateCEeGexamples one side of
the substrate comprises a surface having an irregularly textured morphology or having an integral
diffuser profile. In the example embodiments, the gradient refractive index TCO anode is deposited on
the opposite side of the 10substrate with a smooth surface. In the example embodiments,
enhancement in light contrast can be attributed tothe textured substrate. The textured substrate is
textured for diffusing ambient light incident on the transparent substrate. 15 Furthermore,
preferably, et %gﬁ%%( TCO layer may be used in the example embodiments as an
optically destructive layer to reduce the surface reflection of the device. 20Figure 1 is a schematic side

view diagram of anoiganic.light emitinadeyigeiED:inig refgred:pRmpleamingment. The
OLED 102 cgm rises atgxtured sg strate%e%é)b{t hf%hnc%ta textured syrface 106, radient refractive

d 6,a
index transpar n@fygléﬁc%oc?eafasgvorm%_ rgn SROther StraeE OF theTssalre gﬁ%sﬁ?ﬁ?eai(ﬁ‘, a hole
transpoit layet-EP0 sBihTcd astiethectpstive Hsl@oBerap AR FORIWHIBS cevietay ¢4 I27erared on the 25
hole transpogblayefiiklosideraftxctiwselecikqde 144 dacmedon tharelasirolmingseemidayer 112 and an

encapsulatiqe |ayer 136 fapmesion e eliadiveeleciode 114, [he.elpchn &Qﬁe@%ﬁﬁ an anode or

I
a cathode depending on e.g. emission orientation. For description purposes, the en ation layer is

not shown foFTEEGAEMERARRE ERiNE AimERersa e pirdieda s e empEdmiirtadtextured
substrate 104heaidsies rigitdivécriste rGbspardat substeatiéedloe gradientsedractvefintex transparent

electrode 10§ compises AceHauiiesi-afeactive index translucent layer that is either electrically
conductive or 8 insulative that is first formed on the textured substrate 104 and a transparent
conducting material layer e.g. TOO layer functioning primarily as an electrode that is formed on the
gradient refractive IRk FrAMEIE @EHIASTT he RBNE1RATE po ol e et caMmbaigidbdisdiganic layer.
The electroluneinescant laypetrdid 2 Tan teennptseubstratgdnitemasiue laifasing ambient light

incident on the transparent substrate.

15
Furthermore, preferably, a gradient refractive index TCO layer may be used in
the example embodiments as an optically destructive laver to reduce the surface
reflection of the device.

20 Figure 1 is a schematic side view diagram of an organic light emitting device
(OLED) in a preferred example embodiment. The OLED 102 comprises a textured
subsirate 104 having a textured surface 108, a gradient refractive index fransparent
electrode 108 formed on another surface of the textured substrate 104, a hole transport
fayer 110 formed on the electrode 108, an electroluminescent layer 112 formed on the

25  hole transport layer 110, a refleclive eiecirode 114 formed on the electroluminescent
layer 112 and an encapsulation layer 116 formed on the reflective electrode 114. The
electrode 108 can be an anode or & cathode depending on e.g. emission orientation. For
description purposes, the encapsulation layer is not shown for the other example
embodiments.

30 _

In the example embodiment, the textured substrate 104 can be a rigid or flexibie
transparent substrate. The gradient refractive index transparent elecirode 108 comprises
a gradient refractive index transiucent layer that is either electrically conductive or



5 formed over the hole transport layer 110, an organic electron-transporting layer formed over the
emissive layer and a thin electron-injector formed over the electron-transporting layer. The reflective
electrode 114 comprises a metallic layer. In the preferred example embodiment the combination of the

gradient refra¥tivecil ingiax transparent TCO electrode 108 and the texturgg-gybsirate,Lg¢ results in a
significant reduction in ambient light reflection from the mirror-like surface of the metallic reflective
electrode 114. In the following description, a number of example embodiments are 15 described
showing how the textured surface 106 can be formed. It will be appreciated by a person skilled in the
art that other methods can also be used to form irrggularly/regularly textured surfaces. These methods
include, but are not limited to, micro/nano imprinting, chemical, physical and mechanical processes.
20In an examipléa¥HiiodikdRt Brestredsieduetanisederniacon amkstiaie usiagadead blasting

technique. matEitaitey2rie.g. Scherapdicrahagiany ilusisating the head flasting techol et?{é the example
embodiment,A 4 . 20, IS] .g. ITQ.material is formed on a 25 surface of a glass
substrate ZOE%ﬁ%grgé%r%ﬁe%emgocﬁ! %Lg%tr%t%g efgﬁ?a}‘y%? J5o%sHR #@ﬁ%ﬁi&ﬁaagoﬁi’?’&ﬁ?c%y destructive
electrode or AYA G RREn{ FEFRIAHMBES R &1 A Sefrtiransnelissiarder taper sfinsiotHeysurface 206 of
the substratéapuadseibfee et spdrbiasting tyaa pressuig-auondemhs30khe Bassswmdace 206 is

modified/progessed byissRisears: %H%@@é%ﬂ%é%ﬁfmé@&éb%grqgé#r%“gg%zo . The average
surface rOUQngSr.S%}?QP (§Je cont[olled ep){ process conditions such as the bead sizes B rIglasting

pressure etc. By usmge ﬁ%’\f’gn %?r'"%d?es ﬁl@@%ﬂ@%?ﬁﬁ%liﬁéﬁ‘?% to 80 pounds per square inch (psi),
and 9

In the preferred example embodiment, the combination of the gradient refractive

10 index transparent TCO electrode 108 and the textured substrate 104 results in a

significant reduction in ambient light reflection from the mirrer-like surface of the metaliic
reflective electrode 114.

In the following description, a number of example embodiments are

15 described showing how the texturad surface 106 can be formed. it will be appreciated

by a person skilled in the art that other methods can also be used to form

iregularly/regularly textured surfaces. These methods include, but are not limited to,
micro/nano imprinting, chemical, physical and mechanical processes,

20 In an example embodiment, a textured surface can be formed on & substrate
using a bead blasting technique.

Figure 2 is a schematic diagram iflustrating the bead blasting technigue in the

example embodiment. A TCO layer 202 comprising e.g. ITO material is formed on a

25  surface of a glass substrate 204. In the example embodiment, the TCO layer 202

can function as an optically destructive electrode or as a gradient refractive index

layer to & separate electrode laver. The other surface 206 of the substrate 204 is
subjected to bead blasting by a pressure gun 208.

30 The glass surface 206 is modified/processed by a stream of fine glass beads
fired through the pressure gun 208. The average surface roughness can be controlied
by process conditions such as the bead sizes and blasting pressure etc. By using

different air pressures, e.g. ranging from 3% o 80 pounds per square inch {msi), and



using different bead sizes (e.g. ranging from 125 and 180 micron each), the surface roughness of the
glass substrate surface 206 can be varied from tenths of a micro-inch up to hundreds of a micro-inch.
5Figure 3(a) is a schematic side view diagram showing the surface 206 having a surface roughness of
tenths of a mier2ashi23833 Figure 3(b) is a schematic side view diagram shqwirershe siface 206
having a surface roughness of hundreds of a micro-inch. 10 As shown in Figures 3(a) and (b), the
surface 206 has an irregular textured morphology. In the example embodiment, the glass
substrate 204 and/or the pressure 15hose/gun 208 can be moved in repetitive motions to achieve
desired roughness on the surface 206. In the example embodiment, the distance between the glass
substrate 204 and the pressure gun 208 is about 6'inches apart at a vertical of about 90 degrees.
Figure 4 is a ¢riapiiieistraingrnEas e ematamierage foaghnas siaoT becBateragesteughness, Ra,
is defined asrthgtsuss of the giseasaheue A0HReI0ws (80 402 AANIheMmeansuHase Jing 406 divided

by the |en9t"\§“f£ﬁ%£@?&§%ﬁ%@&'ﬂ},@ﬂ— 408. In another example embodiment, a textured surface
can be formed on a substrate using a sand blasting technique. 25 The sand blasting technique is

similar to the bead blasting technique. However, sand particles (or fine particles) used in the sand
blasting fechnique Sasub$tantiatlyssmelis thide they glagsheastswiapinsthndeass biastigg technique. In

the example eimhedingeL80NERAaSS: RIGRSHiRSHOr projecting the sand particles to achieve similar
30irregular textured surfaces as in the sand blasting technique are also different.

Figure 3(b) is a schematic side view diagram showing the surface 206 having a
surface roughness of hundreds of a micro-inch.
10
As shown in Figures 3(a) and (b), the surface 206 has an irregular textured
morphology.

In the example embodiment, the glass substrate 204 and/or the pressure
15 hosefgun 208 can be moved in repetitive motions to achieve desired roughness on the
surface 206. In the example embodiment, the distance between the glass substrate 204

and the pressure gun 208 is about 6 inches apart at a vertical of about 80 degrees.

Figure 4 is a graph illustrating measurement of average rougnness Ra. The
20 average roughness, Ra, is defined as the sum of the areas above and below (e.g. 402,
404) the mean surface line 406 divided by the length of the measurement fine L 408,

in another example embodiment, a textured surface can be formed on a
substrate uéing a sand blasting technigue.
25
The sand blasting technigue is similar to the bead blasting technique. However,
sand particles (or fine particles) used in the sand blasting technique is substantialiy
smaller than the glass beads used in the bead blasting technique. In the example
embodiment, the process pressures for projecting the sand particles to achieve similar
30 irregular textured surfaces as in the sand blasting technigue are also diferent,

In yet another example embodiment, a textured surface can be formed on a
substrate using a sand paper lapping technigue.



10 In the example embodiment, a variety of sand papers or similar materials are used to roughen
a glass substrate surface using mechanical polishing matching, The motion is repetitive, for example,
a forward or a backward rectilinear motion. Lapping 5 can also be carried out when the substrate
traverses in GH@ eiféctiznzonly or in either directions. It will be appreciated #hata; ssRsianially identical
lapping effect can also be created by keeping the glass substrate stationary while a sand paper is in
motion on the substrate surface. 10After describing how a textured surface can be formed on a
substrate, an example embodiment is provided below describing forming/depositing of other
layers/structures of an OLED device. In a preferred15xample embodiment, a gradient refractive index
transparent 15 conducting material, e.g. TCO, layer (compare 202 of Figure 2) is formed on a surface
of the substrate that is opposite the textured surface of the substrate. For description purposes, the

TCO material used in the exanpple-abbadigieN: is=l- 4n heexamrle ambadimentihe gradient

refractive ind r ionj Integrated electrode, e.g. as an anode, comprises a highly
oxygen defici%ﬁﬁﬁ&#r%ﬁ%?h@é%a%ér%ﬁ ?éact'ijvea ?ﬁdJéginprﬁef%rﬁ nc':ca% ﬁ‘g@iiﬂ%lﬁ?ﬁ‘ﬁﬁ%%i g@eproperties.
The light-absBIBITY FrisAeliveiHHG8Ie dsiPyrre Aiaghatkrrshirdinegrimatioresencmof a reducing
species 8f hyeogém ionsattemg:filwhpreiparatiomnalhespritaringis epaiashostijnoamaigen-hydrogen
gas mixture. Fha:seRactive iﬂéj%Eé?éé@?egrt%{i%ﬁﬁﬁéméﬁI?H&Qi&a??a%%ﬁ@i%& *%gfyggg,n the hydrogen

partial pressure.in the argon-hydrogen gas mixture. ternativel light-absorbing TTO layer can
be prepared %”sgiﬁ%éhgﬁ %%'ﬁ i ge{%%é%%ﬁr%ecﬁﬁﬂﬁﬂ@@' HHE PSR RRE R BT S HORioRS. These
techniques irftlBtfE B sEEREENot limited to, DC magnetron sputtering, reactive thermal evaporation,
e-beam, 30physical vapour deposition (PVD), chemical vapor deposition (CVD) etc. 11

i After describing how a texiured surface can be formed on a substrate, an

example embodiment is provided below describing forming/depositing of other
iayers/structures of an OLED device. |

in a preferred example embodiment, a gradient refractive index transparent

15 conducting material, e.g. TCO, layer {(compare 202 of Figure 2} is formed on a surface of

the substrate that is opposite the texiured surface of the substrate. For description
purposes, the TCO material used in the example embodiment is ITO.

in the example embodimelnt, the gradient refractive index layer functioning as an

20 integrated electrode, e.g. as an anode, comprises a highly oxygen deficient ITO film. The

gradient refractive index ITO film can have light-absorbing properties. The light-

absorbing ITO layer is deposited using RF magnetron sputtering in a presence of a
-reducing species of hydrogen ions during film preparation. The sputtering is carried out -

in an argon-hydrogen gas mixture. The refractive index of the ITO film can be tailored

25  accordingly by varying the hydrogen partial pressure in the argon-hydrogen gas mixture,

Alternatively, the light-absorbing ITO layer can be prepared using other thin film
deposition techniques under oxygen-deficient conditions. These technigues include, but
are not limited to, DC magnetron sputtering, reactive thermal evaporation, e-beam,

30  physical vapour deposition (PVD), chemical vapor deposition (CVD) etc.

in the example embodiment, the thickness of the gradient refractive layer can be
in a range of about 10 nm to a few hundred nanometers, depending on the type of light-



absorbing materials (ie. ITO or any organic or inorganic semicono_luctjng_material that can serve the
purpose of light absorbing) and the corresponding desired refractive |nd.|ces. 5In the e>_<ample
embodiment, the gradient refractive index ITO electrode comprises, at its surface, a high transparent

top ITO layer Witr@getasivzely high work function to enhance hol_e-injection.@%@ﬁg@ﬁmfgﬁbprocess qf
this top ITO layer is also carried out in a hydrogen-argon gas mixture but with a Iower_hydrogen partial
pressure. The thickness of this top ITO layer is kept constant at about 13Q nm_for device _
10applications. This can allow hole-injection properties in OLEDs made with dlffergnt gradient .
refractive index anode combinations to be compared. In the example embodlmgnt afterformlng
the gradient refractive index layer/electrode, an organic stack (compare 110, 112 of Figure 1) is

deposited on THEPTiH deflEfefigclive Rices |asasnisieetiveigaforsapptisatiotisywit @LERsstructures,
organic materiats sz, iNe-islonaphtiv)- MNistigheny lrk labivbend:d Axdiaming (NRB-hole
transporting lgygtx and Tris [8-  hydroxyquinolinato] aluminum (Alg3-emissive Iayer) are d.eposned
by thermal 20evapdration. The organic layers can also be deposited by .othgr methods including, but
not limited to, PVD, CVD and other deposition techniques. _ For applications with PLED structures,
layers of holymeric FhalferidisasigiepslyiGinetity ltre gimdishio phiane)p ahdstyene sikfanate)
(PEDOT:PSShap@tgler its surface, a high transparent top ITO layer with & relatively high work-

function to enhance hole-injection. The deposition process of this top ITO laver is also

carried out in a hydrogen-argon gas mixiure but with & lower hydrogen partial pressure.

The thickness of this top ITO layer is kept constant at about 130 nm for device

10 applications. This can allow hole-injection properties in OLEDs made with different

gradient refractive index anode combinations to be compared,

in the example embodiment, afier forming the gradient refractive index
layer/electrode, an organic stack (compare 110, 112 of Figure 1) is deposited on the
15 gradient refractive index layer/electrode.

For applications with OLED structures, organic materials of N, N'-bis(1-naphthyl)-
N.N'-diphenyi-1, 1'-biphenyl-4 4 -diamine (NPB-hole fransporting layer ) and Tris &
hydroxyquinofinato] aluminum  (Alg3-emissive iayer) are deposited by thermal

20 evapération. The organic layers can also be deposited by other methods including, but
not fimited to, PVD, CVD and other deposition technigues.

For applications with PLED structures, layers of polymeric materials e.g. poly

{3 4-sthylenedioxythiophene) poly(styrenesutfonate) (PEDOT:PSS) as a hole-

25  transporting fayer and phenyl-substituted poly (phenylenevinytene) (Ph-PPV) as an

emissive layer, are deposited by spin coating. Other solution processable methods such

as, but not limited to, screen-printing, inkjet printing, stamping and nano imprinting may

also be used. The thickness of polymer layers can be controlled over a range of about

10-200 nm. Further, modified interlavers can be deposited between the organic layers

30 using similar deposition techniques. In addition, small molecule organic materials and
dendrimer emitters can also be deposited by solution process technology.



25 transporting layer and phenyl-substituted poly (phenylenevinylene) (Ph-PPV) as an emissive layer,
are deposited by spin coating. Other solution processable methods such as, but not limited to,
screen-printing, inkjet printing, stamping and nano imprinting may also be used. The thickness of
polymer layers&amdesoatrolled over a range of about 10-200 nm. Furthescmediiggdnigdayers can
be deposited between the organic layers 30using similar deposition techniques. In addition, small
molecule organic materials and dendrimer emitters can also be deposited by solution process
technology. 12 In the example embodiment, after forming the organic stack (compare 110, 112 of
Figure 1), an electrode (compare 114 of Figure 1),6.9. as a cathode, is formed on the organic stack.
5Electrode materials, such as pF/AI, Mg, Ca and other low work function metals, are deposited by
thermal evaporatiofi it HEEREM BRteHBEtn? At fReng dutromanisaask Gbmpmrepti@d by techniques
such as, but #idtiienit& 20 ebpirtesi o repbeatmderaponadi0n cRVER, £340 sl icambinationof these
processes OkaRwiethsspossible deposition techniques. In the example embodiment, this electrode
comprises Ca/Ag. The 10thickness of Ca is in the range of about 1.0 nm to about 50 nm. The
thickness of Ag is in the range of about 50 nm to about 500 nm. Next, to compare the
performances of déyRsEa%R EBHsHRkRIry th@wbEdibath eRampicotmbodimentsiaghinstdyical devices,
(Tlxperimentaé%depoﬂtéal&@MEMMQ&Q&@N%QH@%&%&I&Q éﬂ%&%’%@ﬁ) i%e é%lgggggt'}géj&jagéam ’
illustrating a L e comprising,a.normal ITO anode 504 formed on a flat
glass su bstré%%gg%%., %i%&g f%ldogsgé%ﬁsr‘@sgcghg?‘rgﬁtigsdiag ué%%lﬁi@%g if]‘t ’aséjé%eﬂ%gco%ﬁ%?%LED
structure 508 CHRIBIRING YoaGYRd RN retrakinetiom #éxNase &Fseasss (Pfofvedtior adisitigass substrate
512. Figaredie) ischrémivsniatic:disgrad diustritiag: arsampteb ERnsisag6) 2 womprising a
normal§ O anade404 darmpcian-anixiiddlassnb slaie 806, Af AaxRmRIE gmiadiment. Figure
8(b) s a schen iU B RHAE B RRIe OLED

Next, to compare the performances of devices incorporating the described
example embodiments against typical devices, experimental and control OLED samples
15 were fabricated.

Figure 5(a) is a schematic diagram illustrating a sample control OLED structure
502 comprising 2 normal ITO anode 504 formed on a fiat glass substrate 506. Figure
3(b} is a schematic diagram filustrating a sample control OLED structure 508 comprising
20 a gradient refractive index ITO anode 510 formed on a flat glass substrate 512,

Figure 6(a) is a schematic diagram illustrating a sampie OLED struciure 802
comprising a normal ITO anode 604 formed on a textured glass substrate 606 of an
example embodiment. Figure 6(b) is a schermatic diagram iustrating a sample OLED

25 structure 808 comprising a gradient refractive index ITO anode 810 formed on a textured
glass substrate 612 of an example embodiment. The texiured substrates 606, 812 have
a surface roughness of about 190 micro inch.

For the performance comparison, the different gradient refractive index ITO

30 anodes (e.g. 510 of Figure 5, 610 of Figure 6) were deposited on the smooth side of the
glass substrates using RF magnetron sputtering. The substrates 508, 508, 606, 612 of
Figure 5 and Figure 6 were not heated during and after film deposition. The substrate
temperature, inherently raised due to the plasma process during the film deposition, was



25 structure 608 comprising a gradient refractive index ITO anode 610 formed on a textured glass
substrate 612 of an example embodiment, The textured substrates 606, 612 have a surface roughness
of about 190 micro inch. For the performance comparison, the different gradient refractive index ITO

30 anodes (ewoSatatisigure 5,610 of Figure 6) were deposited on the SW@?@&BB& glass
substrates using RF magnetron sputtering. The substrates 506, 508, 606, 612 of Figure 5and Figure 6

were not heated during and after film deposition. The substrate temperature, inherently raised due to
the plasma process during the film deposition, was 13 lower than about 80C in this investigation.
However, the gradient refractive index ITO can be formed at substrate above 80C depending on the
applications. The base pressure in the sputtering system was about 2.0 x 104 Pa. The thin films of ITO
can be fabric¥ef ByEecHReHiBY thie thin depdisition.cdnditienstn araxam plesbi¥aning;the Shydrogen
partial pressurenirbghespedtenngBaRR IR kis: p@é@ép timiz tical.and electrical
properties of g&F@séﬂ;;Q iﬂ'%é'slggu %E%egr%‘treec%%giéﬁgu% ge@i’r’ge%ﬁ)o%th%ﬁ%cgt‘%é% %W'teﬁ'rﬁ%et?%%ﬁre deposition
process develgped for the gradient refractive index 110 an8dé& e§e4h, e &riEfyare Be1oand Figure
6 is also suit%% EFIPHSRiR R Ns e i sdesnspiasirgpliistie. i6its thanarie, tyicaliyimoteompatible
with a high teitfsesturatkismaprecestie sputidigeat deRBIR: IHMAINARCRIMANAYR HsE W)

characteristiegivare-meastHed Eyygﬁg%éea;@g%%g@ﬂgource measure unit in a glove box purged with
nitrogen gas. Reflectance 15 of the OLED samples was measured using a UV-VIS-NIR

spectrophotometer, In the following figures, G-ITO is used in the legend to represent gradient
refractive index ITCL DBERRie Ersdnigrdphy dheumenticlenisity (AL EbysNplage MM, of the

process developed for the gradient refractive index 170 anodes e.9. 510, 610 of Figure 5
10 and Figure 6 is also suitable for flexible OLEDs/PLEDs comprising plastic foils that are
typically not compatible with a high temperature plasma proc:esé.

Current density-luminance-voliage (J-L-V) characteristics were measured with @
Keithley 2420 source measure unit in & glove box purged with nitrogen gas. Reflectance
15 of the OLED samples was measured using & UV-VIS-NIR spectrophotometer.

in the following figures, G-ITO is used in the legend fo represent gradient
refractive index ITO.

20 Figure 7 is a graph of current density (mAfom? J vs voltage (V) V of the
fabricated samples for performance comparison. Plot 702 shows the results for the
sample control OLED structure 502 {Figure 5). Plot 704 shows the resuits for the sampie
OLED control structure 508 (Figure 5). Plot 706 shows the results for the sample OLED

structure 602 (Figure 6). Plot 708 shows the results for the sample OLED structure 608
25  (Figure 6).

Figure B is a graph of luminence {cdiem?® L vs voltage (V) V of the fabricated
samples for performance comparison. Piot 802 shows the results for the sample control
OLED structure 502 (Figure 5). Plot 804 shows the resuits for the sample control OLED

30 structure 508 (Figure 5). Plot 806 shows the results for the sample OLED structure 602
(Figure 6). Plot 808 shows the results for the sample CLED structure 808 (Figure 8).



fabricated samples for performance comparison. Plot 702 shows the results for the sample control
OLED structure 502 (Figure 5). Plot 704 shows the results for the sample OLED control structure 508
(Figure 5). Plot 706 shows the results for the sample OLED structure 602 (Figure 6). Plot 708 shows
the results fowthessamges OLED structure 608 25(Figure 6). Figure 8 is@rgiepingafoluminence
(cd/cm?2) L vs voltage (V) V of the fabricated samples for performance comparison. Plot 802 shows the
results for the sample control OLED structure 502 (Figure 5). Plot 804 shows the results for the sample
control OLED 30structure 508 (Figure 5). Plot 806 shows the results for the sample OLED structure
602 (Figure 6). Plot 808 shows the results for the ggmple OLED structure 608 (Figure 6). 14

Figure 9 is a graph of efficiency (cd/A) E vs voltage (V) V of the fabricated samples for performance

comparison. Plot 909€R0WE RéVaduRrs FHIFRR¥aFER ConffoltieeD \Gu #hirds biekre 5), Plot 904
shows the resoitseoitheSomplecontpbQLE BPistr it Lre-RQ81E rgsuits 5 Rlot:80Mmishawssthe results for

ghoess(?:mple %LE@ sﬁéﬂé&}!‘&%@o@i &Eé%r&@@%%fﬁw%&i@f&fmtﬁ%@e@m@%@%F%ﬁﬂt{cwfet
igure 6). igure. /, seen, that the J-V relationships are substantially identical a
low drive voﬁglra%téur rig§ %&g}é’% éhﬁ}ﬁ@%ﬁﬁlﬁ%ﬁ%’? éi’}ﬁﬁee% a éé‘[@f@ %@pﬁ% W&eﬁ ﬁg)rzsample
control OLEF siisciirBIgFRD ety tegpouie fontrasrhee C3&&h theature AOGIEaslgriicant increase of

current density at higher drive voltages. It can be observed from the L-V and E-J curves shown in

Figures 8 and 9 re tively, that the Juminance and the lumingus efficiency for the QLED samples
made with gradien?%é? ragéﬁ\%{éfeirﬁgég(%@%ngggfggﬂ&?eﬁu[ca)?nrﬁqaatiapégg a gnatf%ei E?é%ﬁg!?aﬁgs 15

substrates aReTERRFE K foWer S CeaRp arsL® iRe shiahgicatwiensioiival Vrieess micepide substrates
and normal i@ dbétdietufad-glasse stilvsteh et £id. gonpasesB04sy s 80R: 8D8we806 affigure 8 and 904

vs 902908 g&%@ﬁa@%@w@a%r@aﬁ%{wﬁ%a;@%{@9#&.%%@;@%%% ghitas, QlELQ samples 508 of

Figure 5, 608 of Figure 6 comprising gradient refractive index ITO is attributed to the lower
transmittance of the anodes 510 of Figure 20 5, 610 of Figure 6 respectively, since the gradient
refractive index IT® &addres BBerytd-fitirette 610 ehFiGulecerare shawitramspewsst rishddh also partially

absorb the emifiediightiin eenuinsiades examplRnimdls Sampls sanHoREE Rppislwief02 of Figure
5, the cathodqg rongly.refl itted lightfrom the EL 516, thereby contributing in a
significant in%ﬁrté@at%%lag?ﬁér%ﬁ%ré{é% |58é% Z{(J)% 5&%5%; r)tcéne(? ggoéggé{%gén?r%gétt%ﬁﬁee&/s?iﬁ%sture 502.

Further' 3t caiY B g AR SAPIHEC R B AIAESERH K e sanpbemEhromahidtne Baiosncrease in
light emissionifstiateictn806)fer tHe OLIEDshyHescaipprsasgiaonmalaE@0dn/sc8apredsglass (ie.
structure 6080 Eiguge-6)sas-eosoRaIE A0, thak (FeemQl392)0f STUCIER AR FhE IR (e.
Compneing gt s LT LB R WL Gl B B SRR AR ARG b curren
refractive index ITO is atiributed to the lower transmittance of the anodes 510 of Figure
20 5, 610 of Figure & respectivaly, since the gradient refractive index ITO anodes 510 of
Figure 5, 610 of Figure € are semitransparent and can also partially absorb the emitted
light. in contrast, for example, in the sample control OLED struciure 502 of Figure 5, the
cathode at 514 strongly reflects emitted light from the EL fayer at 516, thereby
contributing in a significant increase of brightness (see 802 of Figure 8) and poor
25  contrast of the structure 502. Further, it can be seen from the eleciroluminescence
resuits of Figure 8, that there is an increase in light emission (see plot 808) for the OLED
sampie comprising normal ITO on textured glass (ie. structure 602 of Figure 6) as
compared to that (see plot 802) of structure 502 of Figure 5 (ie. comprising normal ITO
on a flat glass substrate} at the same forward bias and having similar current density.
30  This is due to the light out coupling effect, which heips to enhance the light output from
the OLED samples. This light out coupling effect can be atfributed to the textured glass
subsirate used for structure 602 (Figure 8).



30 This is due to the light out coupling effect, which helps to enhance the light output from the OLED
samples. This light out coupling effect can be attributed to the textured glass substrate used for
structure 602 (Figure 6). 15 Figure 10 is a graph of spectral reflectance (/0) vs wavelength (rim)
for performawee2aesipatison. The wavelength range is about 350nm to alrauiS8EBmsoPiet 1002 shows
the spectral reflectance measured for the sample control OLED structure 502 (Figure 5). Plot 1004
shows the spectral reflectance measured for the sample 5 control OLED structure 508 (Figure 5). Plot
1006 shows the spectral reflectance measured for the sample OLED structure 602 (Figure 6). Plot
1008 shows the spectral reflectance measured for the sample OLED structure 608 (Figure 6). By
comparing the structures 502 of Figure 5 and 602 of Figure 6, ie, having a 10 substantially identical

OLED structure faﬁﬁi‘é?e&Q‘)ﬁsdﬁf%sﬁ%&?ﬁ%@'ﬂée%‘ﬁﬁf‘ﬁ%éé&HESW%Y@%Q@*@WJ@Dred glass
substrate), ipesnriberCbservedidbat The oueshgbvieegrelcstancésiecr dasbs s Eistantiky (compare

1002 vs 100f)gT %@M@?&@ﬁ%ﬁ@%@%@@@r%@ SR pandicaliylaipd using the

following rel hip: R(2) 5R4 SF (2 ere R(A) is the ect al reflectance of the
thin film sys?éﬁ% 6%'@?56C§E S&ﬁg gf&% ?I‘u% ?ﬁﬁ?%é r%f %‘ﬁrleina h%@@mﬁ}g to eq. (1),
the inte§ratethifa ciPhErefrécEnce §hICkited or tHe! stpRplericiire sBodabogietipngare 5 and 602,
608 of Figurg:éeaiitzabsimb3afpie29LED  stiUand 275 fagpectivelyst 2008 shoigtitBelsbigwapraph of

contrast rat'?e?@é@r%é% lM@E'%QR %ﬂ‘)ig%%% nsig%a%%éj_? G&ﬁéfgﬂy%%&ecg’npanson For this graph,

calculated contrast ratio as a eflectance is shown at about 100cd/m2 under about
140 lux of ambient illuminance. The CR at 1102 is calculated for the sample control OLED structure
502 25 (Figure 5). Fhe@Ragng 104 igwdicedated forrtgersdimpie @LEDRpuettiree508v{figure 5). The CR
at 110G¢s C%@%ﬁ%i?ﬁd@ﬁ%@@&ﬁﬁ&ﬂﬁ%r@ k@@s&ﬁ@@&ﬁ@s@&&ﬁ@%ﬂ@a@s fibe:GiR @f=kd08 is
measured oL 5 SATRIS. OLEDSYTHIE SORIEILE & BPIERMI L RARR GhRgved that the
contrast rati6 the

reflactance decreases substantially (compare 1002 vs 1006). The integrated speciral

reflectance of an OLED sample can be calculated using the following relationship:

[RQYF(A)d2
15 R = (N
{F2yaa
where R(A) is the speciral reflectance of the thin film system of the OLED sample and
F(A) is the flux of incident Humination. According io eq. (1), the integrated spectral
reflectances caloulated for the sample structures 502, 508 of Figure 5 and 602, 608 of
Figure & are about 55.7%, 29.7%, 7% and 2% respectively,
20
Figure 11 is a graph of contrast ratio (CR) vs luminous refiectance (%) R, for
pedormance comparison. For this graph, caleviated contrast ratio as a function of
luminous reflectance is shown at about 100cd/m? under about 140 lux of ambient
liuminance. The CR at 1102 is calculated for the sample control OLED siructure 502
25  (Figure 5). The CR at 1104 is calculated for the sample OLED structure 508 (Figure 5).
The CR at 1108 is calculated for the sample control OLED structure 602 (Figure 8). The
CR at 1108 is measured for the sample OLED structure 808 (Figure 8).

From Figure 11, it can be observed that the contrast ratic CR of the sample

30 structure 502 of Figure 5, ie. a conventional OLED structure on flat glass substrate, is
about 5:1. it can aiso be observed that the sample structure 802 of Figure 6 (e
comprising normal ITO on glass having an imegular surface texture) has a higher



30 structure 502 of Figure 5, ie. a conventional OLED structure on flat glass substrate, is about 5:1. It
can also be observed that the sample structure 602 of Figure 6 (ie. comprising normal ITO on glass
having an irregular surface texture) has a higher 16 contrast ratio in comparison with that of the
sample strucwie@82 BRBigure 5 ie. the contrast ratio of the devices is increasaskugiembout 30:1
under about 100cd/A and about 140 lux ambient illumination (compare 1102 and 1106). The contrast
ratio can be further increased up to about 100:1 (see 1108) for the sample structure 608 of Figures 5
ie. when a OLED structure is fabricated comprising a gradient refractive index ITO anode on a textured
glass substrate. Thus, it can be observed from Figyre 10 and Figure 11 that the sample structure 608
of Figure 6 can enhance the contrast of an OLED display when operated under high ambient
illumination. Wﬁﬁléaimogicﬁﬁ‘?ﬁﬁﬁ?&%%ﬁé@&\%@%éﬁ@ﬁ%ﬁ@@?@ﬁtﬁ@%%ﬁ%@@t@éﬁuﬁ@% 502, 508 of
Figure 5 and-602:608iofdFitureHicEndstabie shows dccamparison oidategeatecospgeiratgeflectance,

contrast fatl%bﬁdﬁ”t@ié(@'éﬁr&@eﬁﬁﬂ&%%‘ﬂ@h’%c@ﬁ irneyof ing ?%@P'?@W&@?mt\é’@an be

2008/12383 P T/5G2008 F/%0 E%b f{%&)ge the above %erformance comparison indicates
that, preferal Liy, glhctéease {5 8°Gradignt é?a CHEE | T BRGHEHR AR SR textured
substraté caf PiSGite éﬁ@cﬁ%’ﬁ*ﬁ%&"’ OisEsicEigrornersingstramdisn sefedireddexfatEfunctioning to
diffuse light eandenfiaacestighizopitpyt ftoer4. EDsisAR eaam@lamb@diwmmapﬁ%@ﬁ a
PLED/OLEQ:%%VéC%Cfﬂg%pcﬂé'%Qrﬁpfégg?r&émﬂeoéwg?'%,g&gs acrq,\n %H?b%éa fe g rc% adlen‘; refractive index

translucent I(&/)Er that can pe electrically conductive of insu atlng, ormed dver the gradient
refractive indBx fIAITEIGEMAR 8E dRc BRI R HisRSigriR® Ayer formed over the TCO layer, an

organic emissive layer formed over the hole-transporting layer, an organic electron-transporting layer
formedigver the emigsive lryek, BBUBiB:alaCHANNIRARRORCH M8  sampie structures 502,

508 of Figure & and 802, 608 of Figure 6. The table shows a comparison of integrated

spectral reflectance, contrast ratio, turn-on voltage and luminous efficiency of the sample

structures.

Average Surface
- roughness Zero 180
{Ra) (Flat Glass) {Textured
{micro Glass)
inch)
Type of ITO
Anode
Low Temperature ITO | Integrated 557 7
(Normalltypical TO) Reflectance (%)
Contrast Ratio 5:1 331
ITO film thickness: about | Turn-on Voltage at | 4.0 3.6
130nm 100cdim? (V)
Maximum Luminous [ 4.8 4.1
Sheet Resistance: about | Efficiency {(cd/A)
26 /o
Gradient Refractive | Integrated 28.7 2
Reflectance (%)




15the electron-transporting layer, a metallic cathode layer formed over the electron-injector and an

encapsulation layer.

The transparent substrate can be glass or clear plastic foils with a permeation

barrier layer suitable for OLED/PLED applications. The transparent substrate is textured 20or provided
with a reflectist stgppressing element or layer comprising rough or irregulady texiusgehsugace
topography. The gradient refractive index translucent layer can 18 comprise one or more organic or
inorganic layers. The gradient refractive index electrode has a thickness in the range of about 10 nm to
about 400 nm. The gradient refractive index electrode is formed using TCO materials. A gradient
refractive index transparent electrode can be formed using one individual TCO material or in a 5

combination
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layers. At step 1210, a textured layer is formed on the transparent substrate for 30enhancing light

contrast of the deViiberefore, the above performance comparison indicates that,

5

preferably,

integration of a gradient refractive index ITO anode with a transparent textured substrate

can provide high contrast OLEDs. Further, a substrate with a texiured surface
functioning to diffuse light can enhance light output from OLEDs.

10

An example embodiment can provide a PLED/OLED device comprising a rigid or

flexible transparent substrate, a gradient refractive index translucent layer that can be

electrically conductive or insulating, a TCO layer formed over the gradient refractive

index transiucent layer, an organic hole-fransporting layer formed over the TCO layer, an

organic emissive layer formed over the hole-fransporting layer, an organic electron-

transporting layer formed over the emissive layer, an thin electron-injector formed over

15

and an encapsulation layer.

the electron-transporting layer, a metallic cathode layer formed over the electron-injector

The transparent substrate can be glass or clear plastic foils with a permeation

barrier layer suitable for OLED/PLED applications. The transparent subsirate is fextured

20

or provided with a reflection suppressing element or layer comprising rough or irregularty

textured surface topography. The gradient refractive index transiucent layer can



19 features provided on one surface. The example embodiments can be effective in reducing the
reflection of the ambient light and hence improving the contrast of OLEDs/PLEDSs. In the described
example embodiments, the refractive index of the TCO anode can be engineered by controlling the
film depositionconditoas while the textured 5 surface provided on a transpatenhssfasiiate can be
created using e.g. chemical, physical or mechanical techniques. The results from fabricated samples
show that the contrast of OLEDs/PLEDs made using the example embodiments can be controlled by
adjusting the oxygen deficiency in the ITO anode and the substrate surface roughness, e.g. surface
roughness of the glass substrate can be varied frgg tenths of a micro-inch up to 10 hundreds of a
micro-inch. It has been demonstrated that the contrast ratio of an OLED/PLED can be further
increased ufABREEUP TG AR ELEIFTE0EAREEANE 4B6E 1Abau aliReh WEENE afeiBrovided with a
textured suréiseransdleenabingcesiliraing racientirefractive indexsb@O 4Modke. IS usgchdEne results also

show that thendsial semlrasieh QLEPHRIED S MAde ssinadhs-cxample.embodineniadeay also be a
15function %t the surf ce(?eg%ughness gé th reflection Sl#)%)

sin ?I nt and the process conditions
of the gradicit FERSCVE THUEE TCO aRodEa e Eithé: h@%%%@ de %rig@&eg%ﬁ'ﬁ)lgg émbodiments
can proVide €otiaaicanpbAtEmeh6LOLEDS angearfpcibihiely BivaplesanieonedsstyThe above
described 268peing|enembpeimaniscambeiniegintateasiysiiih @xisingsevieerdabrgation
procesces. Linphevadsachisexanple smbadiarotaerpaliala ok Riahrisaiaaigh contrast

OLED displays without acqum%ggan additional_ equipment or process modification currently being

using for OLEH #5hFiRiich CH LR e iaRSRY GiféhfPtealr dBrRipHticaBle for
OLEDs/PLEDERitight vatioty Shidelrderatchitestates;5he. gseb dioridimission, sop-etmtting and
invr?rtecbde\éﬁ@saie@agﬁtwgﬁﬁ Irbasi:séi_t{e@@éﬁ&@ﬁ%&@éﬁ@%%@%ﬁ@@@%%ﬁgﬂ;e L:jsedhf or
enhancing visual contrast.in light ing displays, such a t not limited to,. and other
emissive de@é%é?%%eri&fﬁ{g%sd I%é?k?ﬁégs%%%&r%%e{%%6?tsv%|ﬁcgéeag’8ﬁéac%%g B%’x“%‘%é‘%%‘ﬁ"s"ﬁned in the art
that numeroiis Vet RS FH SlmbUMcaih L Fémededihedsie seat Vet B)shown in the
specific emiZodinEns W@hOytEGepadingiibont the-Spiii@y, sehpeTddBeinyeation aghyaadly 20

(CNT) that are suitable for use as an anode in @ PLED/OLED and an emissive device,

-:‘-1

s

15  These materials can be used individually or with a combination of different materials,
The thickness of the TCGC layer can be adjusted. The electron injector is formed of a low
work-function metal or metal alloy. The low work-function metal and metal alloy is
selected from 2 group consisting Ca, Li, Ba, Mg. The electron injector is formed of a thin
bilayer of LiF/AI or CsF/AI or Mg/Ag or CalAg. i a reflective anode is used in a top-

20 emitting OLED/PLED, a TCO with a refractive index gradient can also be used as an
gradient refractive index cathade for ehhancing the visual iegibility of the top-emitting
OLED/PLED display.

Figure 12 is a schematic flowchart 1200 for illustrating a method for forming a

25  light emissive device structure in an example embodiment. At step 1202, a transparent
substrate is provided. At step 1204, a {ransparent electrode is formed on the transparent
subsirate. At step 1206, one or more light emitting layers is formed on the transparent
electrode. At step 1208, a reflective electrode is formed on the one or more light emitting
'iayers. Al step 1210, a texiured layer is formed on thé ransparent substrate for

30  enhancing light contrast of the device, '

The above described example embodiments can provide an integration of a
gradient refractive index TCO anode with a fransparent subsirate having textured



described. The present embodiments are, therefore, to be considered in all respects to be illustrative
and not restrictive. For example, while TCO has been disclosed in the example embodiment as the 5
material for the gradient refractive index electrode, other materials may be used, including, but not
limited to, a rmatexied/comsmination of TCO and carbon nanotubes (C NT). BGFA264Q03QR109
4)Received 3 February 2009 21 CLAIMS 1. A light emissive device structure, the structure
comprising, a transparent substrate; a transparent electrode formed on the transparent _sgbstrate,
the transparent electrode comprising a gradient refractive index layer; one or more light emitting layers
formed on the transparent electrode; a reflective elfgctrode formed on the one or more light emitting
layers; a textured layer formed on the transparent substrite for enhancing light contrast of the device.
2. The structlffé¥eScrinyiderieeIam BUiReteihhehexgrarifcsrretionuts indaxtayefdsticapable of _
suppressing fightiref¢ctionfatibe lightremissiedayigesHUBEMR. ampr&sﬂ@&@”é@ﬁw@taﬁdalmed in

any one of claimaddaphte hn R dem iR AR AR Y RLFRAMRTIRES A AT sRatent

TO e structure as claime erein O layer
ggnmdpurf:stglsg ;é‘%gﬁéﬁq%%ﬁgy%pﬁWWﬁgwgmg the film deposition conditaons wmle the texiured
5

surface provided on a transparent substrate can be created using e.g. chemical, physical
or mechanical fechnigues. The results from fabricated samples show that the contrast of
OLEDs/PLEDs made using the exampie embodiments can be controlled by adjusting the
oxygen deficiency in the ITO anode and the substrate surface roughness, e.g. surface
roughness of the glass substrate can be varied from tenths of a micro-inch up o

10 hundreds of a micro-inch. it has been demonsirated that the contrast rafio of an
OLED/PLED can be further increased up to about 100:1, at about 100 cd/m?® and about
140 lux, when a subsirate provided with a textured surface and combined with an
gradient refractive index TCO anode is used. The results also show that the visuai
contrast of OLEDs/PLEDs made using the example embodiments may also be

75 function of the surface roughness of the reflection suppressing element and the process
conditions of the gradient refractive index TCO anode.

Further, the above described example embodiments can provide contrast

enhancement of OLEDs and can be relatively simple and low cost. The above described

20 example embodiments can be integrated easily with gxisting devic;é fabrication

processes. The above described example embodiments can offer a way to fabricate high

contrast OLED displays without acquiring any additional equipment or process

modification currently being using for OLED fabrication. The above described example

embodiments can be applicable for OLEDs/PLEDs with a variety of device architectures,

25 eg., bottom emission, top-emitting and inverted device architectures. in addition, the

above described example embodiments can be used for enhancing visual contrast in

tight emitting displays, such as, but not limited fo, OLED/PLED and other emissive
devices on rigid and flexible substrates.

30 it will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly



5. The structure as claimed in any one of the preceding claims, wheSin the textured layer is formed on
an outer surface of the transparent substrate. 6. The structure as claimed in any one of the
preceding claims, wherein the textured layer is formed as a surface modification of the transparent
substrate. WO Z00BH&3&8ucture as claimed in claim 6, wherein the texturelIEjef48stedtined using a
chemical technique, physical technique or both. 8:A method for forming a light emissive device
structure, the method comprising, providing a transparent substrate; forming a transparent
electrode on the transparent substrate, the transparent electrode comprising a gradient refractive
index layer; forming one or more light emitting layegs on the transparent electrode; forming a reflective
electrode on the one or more light emitting Iayers and Amended Sheet CPEAJAU

PCUSG20087560%0 REXRSSFEBRMAIS G SEFiMfing 23a0Haa i BrdsHeH A parent
substrate fok®Rkainging Fightotastratvaf the device.

For example, while TCO has been disclosed in the example embodiment as the
5 material for the gradient refractive index electrode, other materials may be used,
including, but not limited to, a material combination of TCO and carbon nanotubes

(ONT).



%%eﬁefhed-as—elarmedﬂﬂ—elatm%ﬁﬂfhefaﬁme@%admm refractive-index layeris-capable of

suppressing light reflection of the light emissive device structure. 10. The method as claimed in
any one of claims: 8%0,9, wherein the gradient rqfractlve index layer comprises a t 08/000105
conducting oxide (TCO) layer. 11. The method as claimed in claim 10, whefaifthe® uo
comprises an oxygen deficient TCO material. 212. The method as claimed in any one of claims 8
to 11, wherein the textured layer is formed on an outer surface of the transparent substrate. 13.
The method as€&Ed in any one of claims 8 to 12, wherein the textured layer is formed as a surface
modification of the transparent substrate. 14. The method as claimed in claim 13, wherein the
textured layer is textuted us%rigﬁ'a@h@m@&ﬁ%ﬁﬁﬁ@@'&ﬁh&ﬁt&tﬂ&l@ﬂm@m,both Amended Sheet
UPEA/AU a transparent substrate;

a transparent slactrode formed on the &ranspareﬁt subsirate, the transparent

electrods comprising a gradient refractive index iayer;
one or more light emitting layers formed on the transparent slectrode;
- a reflective electrode Jormed on the one or more light emitting layers;
a textured layer formed on the transparent substrate for enhancing ight

conirast of the device.

2 The structure as claimed in claim 1, wherein the gradient refractive
. index 3a&;yér s capable of suppressing fight refiection of the light emissive device
struciure.

3. The structum‘as claimed In any one of claims 1 to 2, wherein'the
g ' gradient refraciive index layer comprises a frensparent conducting oxide (TCQ) laver.

4, The stricture as claimed in claim 3, wherein the TCO layer comprises
an oxygen deficient TCO material.

5. The structure as claimed in any one of the precading claims, whefein
the tevdured layer is formed on an outer surface of the traﬁsparent subsirate.

8. The structure =s claimed in any one of the preceding claims, wherein
‘ the textured layer is formed as a surface modification of the transparent substrate.

7. The stmcture as claimed in clalm 6, wherein the textursd layer #s
taxtured using a& chemical techmque physical iechnique or both.

8. A method for forming a fight emissive device structure, the method
comprésiﬁg,

providing & transparent substrate;

forming a transparent electrode on the transparsnt subsirate, the tran'sparent
electrode comprising 2 gradient refractive index layer;

forming one or more fight emitling layers on the transparent electrode;

forming & reflective slectrode on the one or more light emitting layers; and

Amended Sheet
IPEA/AL
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forming a texiured Iéyer on the fransparsint substrate for enhancing ok
conirast of the device, '

8. The method as claimed in claim 8, wherein the gradient refractive
index taver s capable of suppressing light reflection of the light emissive device

struciure,

10.  The method as claimed in any one of claims 8 fo 9, wherein the
gradient refractive index layer comprises a Fansparent conducting oxide (TOO) laver,

1. The mathnd es claimed in claim 10, wherein the TOO layer cormprises
an exygen deficient TCO material.

12. The method as caimed in any one of claims 8 to 11, whersin the
tevtured layer is formed on an outer suriace of the transparent substrate. -

13.  The method as claimed in any one of claims B to 12, wherein the
textured layer is formed as a surface modiﬁcaiicn of the transparent subsirate,

4. The method as claimed in daim 13, ‘whersin the textured laysr is
texiured using a chemical technigue, physicaf ‘_iechnique or both.

Amended Sheet
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