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ABSTRACT

OLED panels might become a booming future for rgeweration
displays or solid state lighting. This study fabted a highly efficient
and improved color rendering index white OLED deviavith a
“tetra-chromatic” emission system. The device achievedRaof 87, and
is tuneable from the twilight to daylight sky cal¢towever, due to the
low efficiencies, phosphorescent based device tstre€ were hence
developed. A fluorescent blue plus phosphoresceeerng and red
emission layer device is demonstrated to have faciezfcy of 13.5 cd/A
and color rendering index over 80, which is acdeltdor illumination.

We also adopted a phosphorescent sensitizer téeexdiuorescent dye
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through resonant energy transfer by replacing thesphorescent red
material Ir(pig} into a fluorescent red material DCJTB. By usings th
mechanism and by inefficient transfer from the grée red, a higher
efficiency of 16.7 cd/A was reached due to the &igéye sensitivity of

the orange-reddish emission color of DCJTB. Finadly external color
tuning layer to simplify the fabrication processvdiite devices by using
a blue device plus yellow down conversion layerjolwhis a common

technology in LED industry was developed. By thencmpt of

complementary colors, these two colors producedengmission. In this
part, we also studied the effect of graded deviaed,found that a graded

phosphorescent blue device provided a higher efimy.
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Chapter 1

Introduction

1.1 Background

New types of flat panel displays were developednduthe past
decades, such as the liquid crystal display (LGilgsma panel display
(PDP), field emission display (FED), organic elettiminescent display
(organic light emitting diodes, OLEDSs), etc. Amathgse, LCD displays
has already been in mass production, and is onieofmost popular
display nowadays. OLEDs; which are-self-luminoud do not require
backlighting and module seems to ‘be a good cargitat the next
generation display.
Advantages of OLEDs over LCDs are:
1. High contrast & brightness over LCDs.
2. Fast response: The response time of OLEDs arldl &@ about 18
and 10° second, respectively. This benefit might improkie blurring
problem occurred in LCDs panels
3. Self emitting: No need the usage of backlighstem, which
significantly reducing the pigments needed to kedus
4. Thin film & robust design: OLEDs are tough enbug be used in
portable devices such as cell phones and mp3 player
5. Viewing angle: Can be viewed up to 170 degr€d<:Ds provide a

clear and distinct image, even under direct suhligh




7. High resolution: High information applicationarc be achieved by

using an active-matrix (AM) OLEDs.

8. Flexibility: Can be produced on metal foil oaglic film.

9. Production advantages: Up to 20% to 50% chedpan LCD

processes since it doesn’'t need module.

Nowadays, white organic light-emitting diodes QWEDs) had
gained particular attention due to their promisapplications in various
solid-state lighting, including backlights in LCDeitomotive rear lights,
airport runway lighting, and illumination light sames [1~5]. Full-color
OLED displays incorporating WOLEDs with color fitte are also a
booming future for WOLEDs. OLEDs “installed” comma&lized
products are already seen.in the market, and ttieree all known how
brilliant this technology could be. For display®portant commercialized
products include:

(1) Mobile phones: Beng-Siemens . S88 (2006), SamE428 main and
sub-displays (2006), Nokia 7900 Prism (2007)tdviela U9
sub-display (2008) and Nokia 8800 Sapphire A&2G08), etc.
Between these, Nokia 8800 Sapphire Arte eversa820 x 240
pixels, 2inch QVGA and 16,700,000 colors disdkly

(2) Mp3 players: A large amount of products util@eED panels as its
display. For instance: Panasonic SV-SD100 (20@%5gr S10 (2006),
Iriver Clix (2007) and Samsung K5 (2006).

(3)Digital cameras: Kodak L658 (2005) and Samsugh bnd product
NV24HD (2008).




b
.01.01 288kB

ards Blue.nth
0101 128kB

ards Green ...
01.01 128kB

Figure 1-1 Photographs of some OLED displays usedabile phones
(up) Nokia 7900 prism (bottom left) Nold800 Sapphire
Arte (bottom right):Beng-Siemens S88

(4) TV panels: Sony XEL-1 (L1=inch-TV non-stand9G0x540)
(2007.12.1).

Figure 1-2 Sony TV XEL-1 [7]
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Figure 1-3 Photographs of other OLED displays idel$Samsung U3,
Panasonic SV-SD100, Sony EW-002 and Beng-SiemeBs S8
(model: ©hgo Suzuka)

For solid state lighting:

No commercialized product is announced so fawéler, Pictivd”
OLED Displays from OSRAM Opto Semiconductors hasaam of
around 50 research engineers working on the deredapof OLEDSs in
solid-state lighting. “In the future it will be psible to use OLEDs as
flexible or transparent light sources. A transpaf@hED over a window
in a roof would be able to allow natural light iarthg the day and
provide fascinating illumination for the room aght”, said Dr. Bernhard

Stapp, Head of Solid State Lighting at OSRAM Opséononductors. [8]




Figure 1-4 An OSRAM OLED Table lamp-- The OLED Ligty

modules can rotate individually [9]

Aglance in the future: = =

d be able to
allow natural light in during the day and providesé¢inating

illumination for the room at night [10]




We believe OLED products will be continuously braug the

market and will finally be accepted by the custosner

1.2 Historical development of OLEDs

OLED was invented in 1963, Pope et applied bias voltage on
single crystal of anthracence and they observedditctro-luminance)
from 10-20 nm thick crystal of anthracene at vadtagbove 400V.
However, the operation voltage was too high forcpcal applications.
Progress in device performance was achieved in,196&n Helfrich and
Schneider [11] yielded electron-hole injection bging electrolytic
contacts based on Ce sulphate and Na sulphite. vwéo obtain
significant light output, these devices had to begesh at voltage as high
as 100V and the power efficiency was-relatively .Io% further step
towards feasible organic-electro-luminescent devizas made in 1970s
by the usage of thin organic films prepared by wacwapor deposition
or the Langmuir-Blodgett technique instead of snglystals [12-14].

The development of organic multilayer structuresnstderably
improved the efficiency of light-emission by achiay a better balance of
the number of charge carriers of opposite sign famther lowered the
operating voltage by reducing the mismatch of epégels between the
organic materials and the electrodes. In 1987,nm@astKodak Company
announced a bi-layer organic thin film device, walectron donor and
electron acceptor, via vapor deposition processeyTldeveloped
low-molecular-weight organic light emitting moleaul sandwiched in
between two electrodes and applied current to eligiht. The

performance of such device was improved tremengpasid this is the

—
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rudiment model for present OLEDs. A multilayer OLEs introduced
by Tang and Van Slyke at Eastman Kodak [15], armmbnted highly
efficient OLEDs by using Alg This report inspired a great interest in
research and development of organic materials fptical and electronic
devices. By using a hetero-layer structure of ;Algach a few ten
nanometers (10-100nm) thick, sandwiched betweemunmdin oxide
(ITO) and Mg:Ag alloy electrodes, they could acleetigh power
efficiency and acceptable lifetime at low operatigtage. Since then,
OLEDs have become an active field of research Is=caf its potential
application in flat panel display. In 1990, Burrtveg et al. in Cambridge
[16] developed other kinds of OLEDs which were lohea conjugated
polymers, which we call them as PLEDs afterwarddente letter “P”
stands for polymer. Spin-coating is.the.major metfoy producing these
kinds of devices. PLEDS overcomes OLEDs by usinty @me single
emitting layer, which simplify the fabrication pess over the later one;
but the issue to find one single material which satnsfy all requirements
is difficult. Hence, PLED still doesn’t seem to nealks future. Moreover,
OLEDSs could also be fabricated on flexible subssatuch as metal foil,
plastic substrate ( PET, PEN, PES....), or even pHAgr The low cost
of materials and fabrication processes are promguidactors for the

continuing development of OLED.

1.3 Basic Concepts of OLEDs
Positive and negative charge carriers (holes aedtrehs) need to
transmit over organic layers and finally combindhet emission layer in

order to produce the light emitting out of the OLBBnel. The process

—
~
| —



includes injection, transport, capture, and rad@gatecombination of the
carriers. For simplicity, we will draw the spatiaiariation of the

molecular energy levels in a band-like fashion; aeer, we have to bear
in mind that these organic semiconductors are desed materials

without a well-defined band structure.

Hole injecting layer -9
~ «—
Hole transporting layer Cathode
hv
/ / 2 2 )\
O
Anode 7 -Z .
*0—0 Electron transporting layer

Emitting layer

Figure 1-6 The mechanism of OLED panels--recomimnatf positive
and negative charge carriers inside the organerséagust be

perfectly arranged in order to yield visible lighttput

The functions of each layer are explained as fatow

1. The anode:

High work function materials are preferred, for rioansparent type
(top emitting OLEDs), Au and Ag are the best sebast, but Ag has a
higher reflectivity. For bottom emission type OLEise anode must be
transparent for the light coupling side. ITO thuscmes the primary

choice in this case. The work function of the IT€odnds on its exact
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stoichiometry (for ITO = 90% h©s: 10%SnQ) and on the deposition
conditions, and it's work function is approximatet7 eV; further
increase of the ITO work function can be achievedreating the surface
with UV-0zone, oxygen or nitrogen plasma beforeas#ing the organic
layer to levels near 5.0 eV in order to match tloée hinjection layer
barrier. Although techniques like plasma polymei@aof the ITO have
been suggested [18-20], further oxidation of thp $mrface using O
plasma treatment is the most widely used methorhdeease the work

function of ITO [21, 22].

2. The hole injection (p type) side (HIL):

The hole injection efficiency can be dramatic impgd with this layer.
The insertion of a thin- conductive layer betwettre ITO and the
emission layer has other advantages. such as praggdacsmooth surface
on which the ETL can be deposited (the ITO surfac®o rough), and
acts as a barrier for ions diffusion from the ITifoi the emission layer,
producing a large improvement in the device lifeif23]. For PLEDs,

PEDOT/PSS is often used as this layer.

3. The electron injection (n type) side (EIL):

For the cathode side, matching the organic loweasbccupied
molecular orbital (LUMO) level for electron injecti requires the use of
low work-function metals. The metals with the lowvesrk functions are
the alkali metals [24]. However, their instabilityade them very difficult
to evaporate in their simple metallic form. In tltigse, Ca and Mg are

among the most widely used metals in OLEDs. A san@nd more




common way to reduce the Schottky barrier at th#haoke-organic
interface is to introduce a thin layer of fluoridide or sulphide based
on alkali or alkaline earth metals. Although LiFtiee most commonly
used material, other materials like CsF [25] arlchlaie-earth fluorides
[26] have also been successfully used. The effogiesf OLEDs can be
improved by up to one order of magnitude when ohiwng a thin layer

of fluoride between the emission layer and the ad¢h

4. The emission layer (EL):

Well designed emission layers are very importamtdach OLED
panel since the spectrum and efficiency of the akevis largely
determined by this layer. One single emission lagarsed in the early
day. Later, it was found-that by using.a dopantemal; the efficiency,
lifetime and satiability of the -device can be imged. Tuning the
emission color by using this method is also possibbr such cases, the
primary conditions for such energy transfer areatmunt of the overlap
of the emission spectrum of the host and absorptbrthe guest.
Therefore, the host material always needs highergsngap than the
dopant material. In the meantime, phosphorescerterras with their
intrinsic high efficiency are introduced inside thission layer, and the
EQE(%) which stands for external quantum efficieléythe device is

expected to reach 20%.

5. The cathode:
Al is the most commonly used material. For &pitting OLEDS,

combined materials such as Al/Ag, Ca/Ag are oftelected, with a total

——
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thickness only about 20 nm. This is because Agasentransparent than

other materials.

1.4 Motivation

WOLEDs provide various applications for displegssd solid state
lighting products that can compete with conventidigdt technologies.
My experiment focuses on producing WOLEDs devicath vhigher
efficiencies and lighting ability OLED devices. Aekling this will
require significant advances in efficiency, good&Qiositions, and also
acceptable CRI value.

So in order to achieve good performances, we foous
phosphorescent based device structures in ordermjorove the
efficiencies while still remain acceptable CRI this thesis, several kinds
of structures and devices are exanimated and the gvd cons between
each kind of device structures, materials and atseffect on the CRI

and %NTSC color gamut are compared.
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Chapter 2

White OLEDs

2.1 The Evolution of Lighting Sources

Lighting accounts for a large portion of the eneapnsumed each
year, therefore the new, highly efficient sourcewbite light sources are
urgently required. Today’s incandescent and flumeat lamps have a
limited efficacy of only around 4% (about 12 Im/\&hd 25% (90 Im/W)
respectively. Conventional technology based on @ngd
semiconductors (i.e. LEDsS) has made great progmessolving the
problem and has now demaonstrated efficacies of GQ-h/W. Nichia
cooperation already demonstrated a-prototype wiite with an power
efficiency about 150 Im/W 128]; But, OLEDs also @ffa very promising
alternative, since it might reach flat, plain amatge size uniform
illumination. Also, the CRI value of OLEDs is highthan that of most
nowadays illumination systems due to the large FWtdieach emitting
material. Today’'s state-of-the-art phosphorescent devicesOIHEDS)
from the Universal Display Corporation (UDC) arelealio offer 60
Im/W at 1,000 nits. What's more, it is anticipatidt the efficiency of
PHOLED technology will be able to break 100 Im/W2810 [27].

1 full width at half maximum
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Table 2-1 Some major efficiency of light systems

Power efficiency

(Im/W)

Category

Incandescent lamp 12.6-17.5

Fluorescent lamp(34W[p0-90

Osram energy saving
58-80
lamp

White LED from Nichia70~150[28]

WOLED (Osram, UDC|20[29]~102[30]

HID gas discharging
83-203
lamps

2.2 Basic Characteristic for,white lighting systems

2.2.1 The CIE diagram

—520 nm
CIE 1931 CHROMATICITY DIAGRAM 0.8 _/'/"A'\-.ilo nm CIE 1931 x, y chromaticity diagram
&z ' 340 nm |
‘ 510
\S A 0.7 nm 50 nm
560 nm
o
= 0.6}
é \ o070 nm
greenish- 5 500 LS T
yellow S 0.5 nm \\ 580 nm
580 yellow o
O'an‘ge ; ? 04 590 nm
yellowish- -a L \
g % @ ﬁ g @ “a 600 nm
?’ 03 @ @ 620 nm|
=~ 490 nm' \ & r 4 /\'6?(](;"“
L nn
02 \ 4 & & & e
b s I~ \ . % ~
. | \ ﬂ ‘ﬁ )—/
e ' 480nm® ¢ @ =
i L~
purplish-—=  ~ 0.0 4;8 :&. / | |
| ble 460 . ol A SN I U (0 A
380 00 01 702 03 04 05 06 07 08
01 3 J 380 nm y _ chromaticity coordinate

Figure 2-1 The CIE 1931

The CIE 1931 diagram is often used for indexingdkact position
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of the device. But this diagram has a major disathge, that is, the color
difference is not average upon the figure. Therypet of the diagram is
much larger than the other half side of the pict&@® we can hardly pick

out the amount of color difference from this diagra
2.2.2 Color temperature and correlated color teatpes (CCT)

1. Definition:

The color temperature of a light source is deteeahirby
comparing its chromaticity with a theoretical, hezhtblack-body
radiator. The temperature at which the heated Hback/ radiator
matches the color of the light source is that ssaracolor
temperature; for a black body source, it is diseattlated to
Planck's law. However, 'most other light sources, such as
fluorescent lamps and our-OLED panels do not foltbes form of
a black-body spectrum . (planckian locus), so in tbaése the
correlated color temperature (CCT) is used. The G@mn be
defined as the color temperature of a black bodyatar which in
the perception of the human eye most closely matche light
from the lamp. In Figure 2-2, we can estimate tlearly color
temperature from the line projected out from thanpkian locus,
but for CIE positions that deviate this line tooahuthe CCT is

meanless.
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Chromaticity coordinate x (-)
Figure 2-2 The correlated color temperature (CGI] [
2 . In the Space:

For the same case" in the space, -stars are alsoedieby its
temperature and the color of light it .emits. Thascalled theStellar

classification. [32, 33]

28,000-50,000 10,000-28,000 7500-10,000 6000-7500 5000-6000 3500-5000 2500-3500

Figure 2-3 Thstellar classification
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086.5 HD 12993

BO HD 158659
B6 HD 30584
A1 HD 116608
A5 HD 9547
FO — HD 10032
F5 INIEL |- BD 61 0367
GO i - HD 28099
| b [l I
G5 IE. 11 B HD 70178
Ko [ EIOH C _ HD 23524
KS I[] _ SAO 76803
MO HD 260655
M5 Yale 1755
F4 metal poor i I 3 HD 94028
M4.5 emission SAO 81292
B1 emission HD 13256

Figure 2-4 Stellar Spectral Types OBAFGKM [33]

a Sco) - HP 80763

Figure 2-5 Scorpius--Antares 3,500K [34, 36, 37]
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Albireo ( £ 1Cyg) - HP 95947 A

B

v B2 Cyg - HP 95951

L

Figure 2-6 Cygnus--Albireo (4,300K/12,100K) [34-36]

Extremely high temperatures "stars will show a Ibluc®lor with
temperature over 30,000 K and is classified asrly, @ small amount of
stars lie in this category. Most of the stars aessified as A. Our
neighborhood sun which is only 1 AU (149,597,87Q,6930 meters)
away emits a yellowish-white color having surfaemperatures of about
5,778 K. But while the sun crosses the sky, it rapypear to be red,
orange, yellow or white depending on its positibhe changing color of
the sun over the course of the day is mainly alredgurefraction and
scattering of light, which is unrelated to blaclkdiaadiation. Red giants
(dying stars) have relatively low surface tempeaeduwof about 3,600 K,

but they also have a high luminosity due to thargé exterior surface
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area.

3. Solid state lighting:

Pulling the scope back to the solid state lighti@CT only
represent the feeling of the lighting source-- blki¢he "hotter" color,
while red is actually the "cooler" color. The caoof 5000K and
6500K black bodies are close to the colors of laadard illuminant
called D65 (Daylight, T=6500K).

2.2.3 Color Rendering Index (CRI)/ color renditiodex

In the calculation of.the CRI;the color appearante reflective
samples is simulated when illuminated by a refezesmurce and the test
source. The reference source. is a Planckian radihtoelow 5000 K) or
a CIE Daylight source (if at or‘above 5000 K), nhatt to the correlated
color temperature (CCT) of the test source. Aftecoainting for
chromatic adaptation with a Von Kries correctidre tifference in color
appearance\Eg; for each sample between the test and referente lig
sources is computed in CIE 1964 W*U*V* uniform colepace. The
special color rendering indeR() is calculated for each reflective sample
by:

Ri = 100 — 4.6\Ei

The general color rendering indeR,] is simply the average of
R for the first eight samples, all of which have law moderate

chromatic saturation:
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2]
R,=1 Y R

i=1
A perfect score of 100 represents no color diffeesnin any of the

eight samples under the test and reference sol8tks

I_‘|I=~II_RII =10 - =l fse | ] AII:TIIHI
ViV 1\,.-| Iw'l VY \|

,\ ""'l. | f '-lll | -':I"'.I II
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| Al | 4 -
Samples Samples Sample® Sample# Samplaz Sample# Sampla# Sample®
o oo P [ oo (e W M fvee Ppoce [ oo Ppoe [ oo Pow Jom Ppoe [ ea |
ey ——

pd Lol lopl Il Dl gl Lopl ol

Average

"

CRI

Figure 2-7 The measuring method for CRI

- RSP 22 \
Ri (& B BAXTOEDREMNT
R1 75R 6/4 Light grayish red
R2 5Y 6/4 Dark grayish vellow
R3 2GY 6/8 Strong vellow green
R4 2.5G 6/6 Moderate vellowish green
R5 10BG 6/4 Light bluish green
R6 5PB 6/8 Light blue
R7 2.5P 6/8 Light violet
R8 10P 6/8 Light reddish purple
R9 45R 4/13 Strong red
R10 aY 8/10 Strong vellow
R11 4.5G 5/8 Strong green
R12 3PB 3/11 Strong blue
R13 5YR 8/4 Light vellowish pink (human complexion)
R14 5GY 4/4 Moderate olive green (leaf green)

R15 1YR 6/4 BAANDIE (RI5ECIEIZIFEL, JISDH THRAE, )

Figure 2-8 The 8 or extended CRI samples
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2.2.4 Eye Sensitivities and EfflClenues
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Figure 2-10 The eye sensitivities [31]
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The eye shows maximum sensitivity near 555 nm (eghtness
over 3 nits), which shows a greenish-yellow colout for brightness
lower than 0.003 nits, the maximum sensitivity pahifts to 505 nm. So
a light system composing of a green or yellow el@meight raise the

efficiency due to the higher of the eye sensitiwith these colors.

2.3 Different methods for achieving white OLED

2.3.1 Multi Emissive layer structure (MEML)

White light emission can be obtained from multiplaissive-layer
(MEML) structures, in which different layers emit different regions of
the visible spectrum. Compared with other white OL&ructures, such
as the multi-doped emissive layer,-the MEML is lessnplicated in
fabrication process and more. flexible in color hghibecause not only
doping concentration but also layer thickness canded to modulate the
device chromaticity. As a result, a merit of wh@&EDs with a MEML
Is that its chromaticity can be tuned just by vagythe thicknesses of the
EMLs without changing the concentrations of phosphoent dopants
from their optimal values. Therefore, considerihgttthe efficiency of
doped OLEDs is sensitive to its concentration, /M@LEDs with a
MEML should have a higher efficiency than thosehwat multi-doped
EML, in which at least one dopant is far away frate optimal
concentration to achieve white emission. This s dhe most common
way to produce white light in the meantime—mostha reports use a bi-

or tri- chromatic structures in order to produceitehlight. For a
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bi-chromatic fluorescent WOLED, a yellow plus blae magenta plus
sky blue emitting layer is often seen. These stinest demonstrated high
efficiency (10-17 cd/A) and excellent stability atreasonable voltage
[38]. For the case of using phosphorescent masedale to the lack of an
efficient yellow emitting material, the multi emrgs layer structure is
often made into three layers composing of red, mgraad skyblue
materials, but these kind of structure producestevicolor near the
illumination point A [39]. The color is differentdm the white point, but
might seem warmer for most illumination places. 8arcrent research is

listed in the following table.

Table 2-2 Multi-emission layers publications

Device Structure EL performances CIE 1931 ref.
2002

CBP:Flrpic(6%)(B)/CBP:Btgr(acac)(8%)(R) 11 cd/A(Max) 6.4 Im/W(Max) (0.37,0.40) @10 mA/cm: 40
2006

Ir(ppy)s(G)/Ir(ppgr(acac)(R)/Firpic(B) 9.9 Im/W (0.44, 0.43)@1000nits 39
2007

mMCP:Firpic(B)/CBP:Ir(pigacac)R/mCP:Firpic(B) 10.8 cd/A EQE=7.6% (5000 nits) (0.33, 0.35) 41
[Firpic(B) /TL/(btp)lr(acac)(R)/ 17.2 cd/A@10834 nits (0.38, 0.42) 43
Ir(flpy) s(Y)/Ir(ppy)s(G)]

TCTA:PQIr(R)/mCP:Ir(ppyXG)/UGH2:FIi6(B) 32 Im/W EQE=16.6% (0.38, 0.39) 42
NPB(B)/Ir(Y):Ir(R):CBP/CBP/Ir(G):CBP 21.6¢cd/A 10.3 Im/W (0.39, 0.41) 44
CBP:Ir(ppy}:Rb/CBP:Firpic/CBP:Ir(pig(acac) 27 cd/A EQE=12.4% (100 nits) (0.40, 0.42) 47
2008

4p-NPD:Ir(MDQ)(Acac)/TPBI:Ir(ppy} 31.6 Im/W  EQE=15.2% (1000 nits) (0.49, 0.41) 45

CBP:Btplr(acac)/CBP:Ir(ppyyCBP:DPAVBI/ 10.0 Im/W  EQE=8.5% (100 nits)  (0.32, 0.46)

46
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So, in short we conclude some pros and cons ofthisture:

The structure is more flexible in color tuning besa not only the
structure can be controlled by inserting blockiagelrs, but also each
layers’ doping concentration and layer thicknessmé& disadvantages
include it needs relatively high operating voltagae to combined
thicknesses of the many layers. Although BPhenTERBQ which are
electron & hole injection layer materials (p-i-nvéee), may assist in
reducing the voltage, but leads to deteriorate h&f lifetime. In the
meantime, some improvement trying to combine flaceat and
phosphorescent materials in order to produce wkiéor is also
introduced [46], because that the host material @BMPlocking layer
BCP used in phosphorescent structures both have HQMO values
over 6.0 eV, leading to higher voltage issue. Sy, using a blue
fluorescent material, the voltage-will-drop ancbaieach a more saturated

blue emission.

_— Cathodes Cathode+
EIL+ EIL¢
1L ETLe ETL
EML2+ — EML3
HTL+
Anode +
Anode +
Di-chromatic Tri-Chromatic

Figure 2-11 Multi-emission layer structure
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2.3.2 Single Emission Layer Structure (Multiply @dpemission layer)

Single emission layer structure means that it'sssiman layer is only
composed of one layer. To ensure that all emissioginates from a
single thin layer, several dopants required to pcedwvhite light emission

are mixed into a single host layer [48].

Table 2-3 Single emission layer publications

Device Structure EL performances CIE 1931 ref.
DCB:Firpic(B):DCJTB(R) 9.2cd/A @0.9 mA/cm2 (0.32, 0.36) 49
UGHA4:Fir6(B):Ir(ppy)(G):PQIr(R) 8.0 Im/W (0.43,0.45) 48
| Cathodes | Cathode+
ElL+ EIL+
4L ETL+ ETL+
EMIL+
(blue+ yellow)-
HTL+ HTL+
HIL+ HiL+
Ancde Anode  #
Di-Chromatic Tri-Chromatic

Figure 2-12 Single emission layer structure

Some other reports are based on using a phosgdeat sensitizer.

This kind of device can be produced by either usingle layer or multi

layers device. The concept was first introducedShephen R. Forrest,
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which produces yellow organic light-emitting desday using DCM2 as
a fluorescent lumophore, with a green electrophosgdtent sensitizer
Ir(ppy)s. Exceptionally high performance for a fluorescdyé is due to
the ~100% efficient transfer of both singlet angl&i excited states in
the doubly doped host to the fluorescent matergahgi Ir(ppy} as a

sensitizing agent [50]. Then, Gangtie Lei et al.mdastrated a
high-efficiency WOLED using a blue phosphoresceyd, dvhich acts not
only as phosphorescent sensitizer but also emitterthis kind of

WOLED, a fluorescent dye, DCJTB, and a phosphordgsdge, Flrpic,

are co-doped into a new host material, DCB, toitabe the emitting
layer. White light emission can be obtained by tht@osphorescent
sensitized orange emission from the excitons in TECiholecules and

the blue emission from those in Flrpic. The struetof white light device

is ITO/NPB (50 nm) /DCBFIrpicDCITB (91.6 8: 0.4) (30 nm)/BPhen

(40 nm) /Mg: Ag. A possible energy transfer mechanism of whgétl

device is proposed in Figure 2-13. In Flrpic, thegket excitons can
transfer to the triplet states through the intemyscrossing process. As
the EL spectrum of Flrpic partially overlaps thesatption spectrum of
DCJTB, with the presence of DCJTB dopant, theetipkcitons in Flrpic
can partially transfer to the singlet exciton in I® through Forster
transfer by dipole—dipole interaction. The DCJTBgéets then decay
radiatively and give out light. The device with élalectrophosphorescent
emission and phosphor-sensitized red emission #ghd maximum
current efficiency of 9.2 cd/A and maximum luminaraf 18,200 cd/fm

were achieved [49]. Table 2-4 shows a few reporsngu the
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phosphorescent sensitizer mechanism which also lmanused in
multi-emission layers devices; Table 2-3 shows spnigications based

on single emission layer.

Table 2-4 Phosphorescent sensitizer publications

Device Structure EL performances CIE 1931  ref.

DCB:Firpic(B):DCJTB(R) 9.2cd/A @0.9 mA/cm: (0.32,0.36) 49
TCTA:Ir(ppy)(G):Rb(Y)/DPVBI(B)/Balq:Ir(pig}(R) 13.8 cd/A(max) 8.0 Im/W (max) (0.33, 0.35) 51
CBP:Ir(ppy}(G):DCITB(R) 6.0 cd/A @4 V 41Im/W @3V  (0.43,0.41) 52
CBP:BCVZBi(B)/CBP:Ir(ppy)(G):DCITB(R)/ 21.9 cd/A@800 nits  14.2 Im/W@800 nit (0.38, 0.42) 53

CBP:BCVZBi(B)/

Elue Phosphorescence

Orange Fluorescence

s, ——S ——s
DCB  © Flrpic DCITE

Figure 2-13 Proposed energy transfer mechanishreinvhite light device

2.3.3 Color conversion method

Blue emission layer with a down-conversion layeptoduce white
OLED is also developed. White light-emitting de@dssed on inorganic
blue LED and down-conversion by phosphor were fpsblished by

Schiotter et al [54]. Duggal et al. were the fasimplement the idea to
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the field of OLED generating white light by comgi a blue OLED
with a down-conversion phosphor system [55]. Howetlee efficiency
of this device is limited by the efficiency of théue OLED. In 2006, the
OSRAM Opto Semiconductors, Inc., fabricated a WOLEP using a
down conversion system composed of YAG:Ce which lieen widely
used in most LEDs fabrication systems. This devweduced an
extraordinary enhancement on device performanceiltneg in a white
electroluminescence device with luminance efficaty25 Im/W and a
luminance efficiency reaching 39 cd/A [56]. Butdlievice only shows a

CIEx,y of (0.26, 0.40), deviate from the E pointtbe black body locus.

S 2 2 9
[ - )

YELLOW PHOSFPHOR

I
S

S o o
o W

y - chromaticity coordinate

i

ok
0 0.1 02 03 04 05 06 0.7
x - chromaticity coordinate

Figure 2-14 The color conversion method

Figure 2-14 shows that the CIE points of the YAGpaeticles, all
the colors inside the yellow region can then belpoed by altering the

thickness of the composition of the phosphor pladic
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2.3.4 Other methods for producing white light
1. Tandem/Stacked device
If we connect two units of OLED devices togethgrusing charge
generation layers, the efficiency of the OLED pareh significantly
be improved by the offset of increasing the operatoltage. But
while each layer only needs to emit 1/n of its imdd brightness, the
lifetime of the OLED panel can obviously be imprdvé&his concept
was first produced by Professor Kido, and its stnecis illustrated

in the following figure:

Kodak-type (Tang, 1987)

Emissive unit

Thickness < 1 pm

Low drive voltage <10V
Low QE

Short Life < 100,000 hrs
1

—»

Tandem-type (Kido, SID’03)

Thickness > 1 um

High drive voltage > 20 V
High QE

Long Life > 100,000 hrs

Connecting Layer

Connecting Layer
Emissive unit
Connecting Layer

Emissive unit

Figure 2-15 Tandem structure [57]

There is a slightly difference in the meaning ofdem, stacked and

multi photon structures. Tandem structure means cthr@position of

many units of the same kind of structures, whichnod be operated

seperately. A stacked structure means that eacdhidndl structure can

be controlled seperately, so the preferable bregdrof each layer can be

controlled by giving it the current we want. And lthyphoton emission
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(MPE) represents both kinds of structures. In 260%&chi (/2 ,H17)

company in Japan introduced a structure using ésment blue emission
layer in the bottom unit (a mono-chromatic emisgioand using
phosphorescent green and red emission layers intdpeunit (a
bi-chromatic emission unit) in order to producectiromatic white light,
a charge generation layer is needed between theutwts, this multi

photon emission (MPE) structure is shown in thet figure: [58]

o
Al
EIL
HBL
2rd EL L
Unit —
EBL n
HTL |
Intermediate 1) v,
Connector —
EIL —
ETL -_—
15t EL e
Unit .
HTL n
HIL
ITO
Glass

Figure 2-16 A MPE structure

But the efficiencies of this device does not seémseach its best
performance. This “two-stack multi-photon emissstructure” reaches a
current efficiency of only 20.7cd/A, 4.6 Im/W, CIEx0.26, CIEy = 0.34,
and 14.1 V at 1000 nits. Therefore, in SID 200&ng-Sheng Liao et al.
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reported devices using the unique feature of thieridytandem white

OLEDs combining both fluorescent blue emission ah@sphorescent
green and orange emissions. In order to investigegtesffect of the blue
color component on the overall EL performance efwhole device, two

different fluorescent blue dopants, BDM1 and EK-BDR®re used to

construct the two conventional devices. Device ABDM-1) has a

preferred blue color for display applications. Hoee Device A-2

(EK-BD-9) has higher luminous efficiency and longeperational

lifetime. It is therefore anticipated that the tdue EL units would

contribute differently to white emission in a whitsmdem OLED. For the
phosphorescent part of the device, in order to Eiynlayer structure and

stabilize color gamut, they incorporated both aegrend an orange
emission into just one light-emitting layer. Theamge emission dopant
has a higher efficiency -than the- fed one. Finallyamdem device is
fabricated using organic intermediate connectorlabse of its improved
transparency and simpler fabrication process. irted performance table
iIs shown in Table 2-5. Both devices provide extigm@gh current

efficiencies over 50 cd/A, and good CIE performan|&®].
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Table 2-5 EL performance of the devices

. _ — EQE Lifetime
Device | CIE | Velts | edA | 1lm/W (E) (Tso) ()

ID XV

@ ~1000 nits

0.33

C-1 6.2 50 25 22 | ~10.000
0.35
034 |

C-2 59 57 30 23 | ~30.000
0.40

2. Microcavity structure (MOLED):

By this way, only one emission layer is neededs thialso the
hardest way to produce white light. For examples davice is shown
in Figure 2-17. =This MOLED:- has a structure of
glass/DBR/ITO/NPB/Alg/MgAg-—Fhe ' Distributed Braggeflector
(DBR) and MgAg are the two.mirrors to introduce tmécrocavity
effect. The DBR consists of 2 % pairs of quartexs¥angth thickness
TaOs and SiQ dielectric layers. DBR and ITO were deposited by
electron-beam evaporations. All organic and metghAl1(10:1) layers
were prepared by vacuum deposition. It basic sirects shown in
Figure 2-17. White light was realized by contrajlithe microcavity
structure, resulting in two cavity modes emissiocated at blue (488
nm) and red (612 nm) region. The layer thicknesgath layer was
produced by simulation. The bright EL emission lbagen obtained
with a maximum luminance of 16435 nits, and maximiwuminous

efficiency of 11.1 cd/A. The CIE 1931 chromaticitgordinate of the
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white color is (0.32, 0.34), which is very stabledar different applied
voltages [60].

1000 100

] MgAg+
= Ala (490 A

Modeled EL

800 80

NPE (930 A)e
60

600 -

ITO (1940 A}

400 - 40

Intensity (a.u.)
Transmittance (%)

DBER+

PL of Alg
200

Q A i L i Y ﬂ
400 450 500 550 600 650 700
Wavelength {nm)

Fig. 2. Modeled EL spectrum of the MOLED (line) and PL spectrum of
Alg film (scatter). the transmittance spectrum of the DBR.

Figure 2-17 A WOLED using micro cavity

3. UV OLED +CCM layers

In 2008 SID, a new type of white OLED had béaricated; this is
also a technology being used in the LED industnjba&ic concept and
schematic structure of white emitting device byngsiColor by UV” are
shown in Figure 2-18. Red, green and blue threengw color
conversion layers (CCL) were sequentially deposited the glass
substrate. In this case, UV light emission is firstbsorbed in the blue
CCL and converted to the blue emission. Subsequemden CCL is
efficiently excited by blue light emission and esnia green light.
Similarly, red CCL absorbs the green light and shewed emission. We
can observe white light emission not only as aaa@fcoupled emission

from the front glass but also as a side coupleds&on from the glass
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edge. The emission intensity of UV-OLED is showrFigure 2-18. The
power efficiency reaches 4 Im/W under a luminantd.@O0 nits, and
1.1% in EQE. Red and green emission intensitieskghtly reduced in
the side coupled emission because the intensityafeguide mode
changes with the refractive index as a functioremwission wavelength.
Color coordinates of surface and edge emissio@.83( 0.31) and (0.31,

0.29), respectively [61].

UV — White Emission

[UV-OLED]
EQE: 3.1 % (@100cd/m?)
A peak : 380nm
Vth:3.5V

[White OLED]
Eff. : 4.1 Im/W
EQE: 1.1%
Lumi ; 4000cd/m?{@50mAlcm?)
(x.y): (0.33, 0.31)

(a) Surface Emission (b) Side Emission

Figure 2-18 AWOLED using UV light plus CCM method
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Chapter 3

The materials and fabrication process

3.1 Materials

Anode

lito In203:5n02

Hole Transportation layer

NPB N,N'-Bis(naphthalen-1-yl)-N,N'-bis(phenyl}-benzidine {—? \

. 9g° W ol

Tg : 99°C Huj;_zus_ﬁha
APL : 450nm(in THF) P {

Electron Injection layer

Cs:CO:  Cesium carbonate
LiF Lithium Fluoride

Electron Transportation Layer/ Hole Blocking Layer

Bphen  4,7-Diphenyl-1,10-phenanthroline
APL:379nm(in THF)

BCP 2,9-Dimethyl-4,7-diphenyl-1,10-phenanhroline
APL : 387nm(in THF)
Alg Tris(8-hydroxy-quinolinato)aluminium

APL : 512nm(in THF)
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Fluorescent R/G/B Host/Dopant Materials

Alg

MADN

C545T

DCJTB

Rb

Tris(8-hydroxy-quinolinato)aluminium
APL : 512nm(in THF)

2-Methyl-9,10-bis(naphthalen-2-yl)anthracene ¢
APL : 439nm(in CH2CI2)

2,3,6,7-Tetrahydro-1,1,7,7,-tetramethyl- 1H,5H,11H- - W f =
10-(2- benzothiazolyl) quinolizino-[9,9a,1gh]coumarin
APL : 506nm(in THF) . ke
4-(Dicyanomethylene)-2-tert-butyl- 6-(1,1,7, 7-
tetramethyljulolidin-4-yl-vinyl)- 4H-pyran

APL : 602nm(in THF)

(5,6,11,12)-Tetraphenylnaphthacene
APL : 553nm(in THF)

Phosphoresecent R/G/B Host/Dopant Materials

CBP 4, 4'-Bis(carbazol-9-yl)biphenyl l""‘l ": “;-,
APL : 369nm(in THF) O ¢ O
¢ »
mCP 1,3-Bis(carbazol-8-yl)benzene o -{*””}
APL : 345,360nm(in THF) f‘_“j;_uj*‘r’
nﬁ'\}r"{ . 1‘::&';3' -
Ir(ppy)z  Tris{2-phenylpyridine)iridium(lll) By “”*:E i”“i‘f '*eTf j-:’*&“
APL : 513nm(in THF) TN
Y
K L g g
Firpic Bis(3,5-Difluoro-2-(2-pyridyl)phenyl- {’_\—d;\-jﬂ - lf
I &
(2-carboxypyridyl)iridium |l '}_\ NS
APL : 472nm(in THF) | O S s U
o0 O -
Ir(pig)s  Tris(1-phenylisoquinaline)iridium(l11) {E\—Q}
]
APL : 615nm(in THF) (3
W, / 2:5_%‘“}.
Vg @ g
i‘-l
p layer
|WO3 tungsten oxide |
Cathode
|AI aluminum |
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3.2 Fabrication process

Prior to the organic deposition, the ITO coatedsglplate was
patterned by lithography and then thoroughly cleaby sonication,
oxygen and CFx plasma treatment, in order to rentle@enicro particles
and further increase the work function of the IT@sg to match the
HOMO of the hole transport layer. All of the orgadayers were then
routinely deposited in a high vacuum chamber abtekground pressure
5x10*Pa by thermal evaporation using resistively hetaethlum boats.
Typically, the rate was controlled at 1A/s for obtaining smooth
layer-layer interfaces. By careful control of thepdnt boat temperature,
it was possible to precisely co-evaporate a detezchemount of dopant
dispersed into the host emitter layer.as measuned\i%. After the
deposition of the organic-layers and without a wmcwbreak, the 1500 A
to 2000A thickness of Al'was.deposited through epaed shadow mask
on top of the organic layers. using separately ofiett sources to
complete the cathode prepare. Finally, the dewcencapsulated in a
glove box. The active area of the glowing sizeaBraed as the overlap of
the ITO and the cathode electrodes, which is 9nifhe EL emission
spectra and current—voltage—luminance charactsisfithe devices with
encapsulation were measured in ambient immediatgly a diode array
rapid scan system using a Photo Research PR650@upemtometer and
a computer-controlled direct current source. Therajonal stability of
the devices was measured with encapsulation ingatr atmosphere to
alleviate the influence of encapsulation conditidhe LUMO, HOMO
energy levels were measured using the atmosphelicaviolet

photoelectron analysis system (Riken AC-2) andphetoluminescence
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spectra were obtained on the Acton Research Speotrd50. The CRI,
color temperature and the CIE (X, y) were measurgdthe JETI
Spectro-radiometer 1210. These processes wererpedoright after the
encapsulation of the device.
The experiment device:

The size of the glass substrate is 4cmx4cmh gdawing pixel is

fixed at 3 mmx3mm and one glass has a total of ifedividual pixels.

Ax{ode ( ITO)/
[ XK

aml)
Cathode \_,:_

o

SWacross section)
==
o -
" -
o

Figure 3-1 A drawn-of.the device picture

. ]
Organic layers

3.3 The thermal evaporation system and other imstnis
Our thermal coater system is provided by ULVAC, adhowed in
the following picture. It is composed of five chaenk, each majorly for a

specific usage.
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Chamber 1 {,g__,‘ﬁ trategmor layers,

chamber 2 evaporates the emission layers, and @raBnbvaporates the
metals and p- injection layer materials. Chambes #r ITO sputtering

and Chamber 5 is only a pre-treatment chamber.

Parts inside the chamber include:

(1) Holder: The samples are placed on top of itwwhdn the main shutter
& the small shutter are open, the materials careveporated to the
sample.

(2) Crystal sensors: The deposited film thicknems lse monitored by a
gold crystal material, which has a frequency of 5MH

(3) Main/ Small Shutter: Each chamber has a mairtteshand six small

shutters.
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(4) Crucible: Materials is injected inside the ¢hle, and when heated to

the desired temperature, the deposition will conte o
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Chapter 4

Results and discussion

4.1 Fluorescent white OLED

A tri-chromatic device composed of red, blue and greeisston
layers was fabricated. The device shows a yield.8f cd/A, and an
efficiency of 5.8 Im/W under a luminance of 165%sniand the CIE
positions also lie in the white region. The additaf NPB layer between
the red and blue emission layers is essential aststas an efficient hole
transport material to increase hole concentratmmrécombination. If
NPB was removed, the emission:-was almost totalllysiace the holes
cannot penetrate further:into the other emissiyerka deeper inside the
structure. For the electron transportation layd?hé&n is chosen other
than Alg due to its higher electron mobility in order toldvece the
charge-carriers for recombination. The electron aote pairs will be
confined inside the structure since a p-type/istam-type junction is
produced. Because of the higher eye sensitivityunfeyes in the green to
yellow region near a wavelength of 555 nm, we timroduced a yellow
layer tetra-chromatic white OLED device with foumission layers. This
layer is added between the blue and green emisay@ns which match
well with the green emission layer without creatangpther barrier. Our
tetra-chromatic device has the following structure.

ITO/CF/50% NPB:50% W@ (200 A)/NPB (100 A)/60% Rb:40%
Alg:1% DCJTB (100 A)/NPB (40 A)/a,0-MADN:7% BpSAB (200
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A)IAIg:3%Rb (40 A)/ Alg:1% C545T (100 A) /BPhen(@A)/ BPhen:
5% CsCO; (200 A)/Al (1500 A).

Tri-chromatic device Tetra-chromatic device
Al
Al BPhen:Cs2C03 (200A)
BPhen-Cs2C0s (200A) BPhen(1004)
BPhen(1004) Alg3:C545T(1004)
Alqs-CS45T(1004) Alg3:Rb(404)
s —— ¢ ——
- NPB(40A) | NPB(404)
Rb: Alg3: DCITB(100A) Rb: Alg3: DCITB(1004)
NPB(1004) NPB(1004) >
NPB: WO3(2004) NPB: WO03(2004)
ITO/CEx. ITO/CFx

Figure 4-1 The device structures (Set A)

As shown in Figure 42 oulr tetra:chromatic whiteED spectrum
showed five peaks near‘_‘455,“ ”‘47‘9‘_(blu‘e),“ 519 (greesf (yellow) and
608 (red) nm, with an overall: FWHM WéII over 200 n@ompared with
the tri-chromatic spectrum, the nonuniform intepsimong the R, G, B
peaks are now alleviated with the additional yellemission. While
rubrene can trap charge carriers, further improvenoé charge-carrier
balance in holes and electrons is possible [62jnFthe inset in Figure
4-2, a higher current efficiency is also obtained the tetra-chromatic
white OLED, the final CRI reaches 87. The valuestifi not very ideal
due to the orange-reddish emitter DCJTB which is sadurated in red

enough.
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Figure 4-2 EL Spectrums tfi--andtetra-chromatic OLED devices under
a luminance .of 3000 nits.(Inset) The current efficies of

tri- & tetra- devices)

Figure 4-3 shows the viewing angle dependerfceuo device,
which shows nearly the same intensity throughoutamge of +60
viewing angle. As this light source is not Lambamti uniform
illumination of the room is possible with our dewidue to very low

angular dependency.
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‘ = Normailized Intensity (a.u.)‘

90

1.0 -
0.8 7—
0.6 ;
0.4 ;

0.2 -

0.0 -180 0

Figure 4-3 Viewing angle dependencdetfa-chromatic WOLED

Figure 4-4 and Figure 4-5 shows a specific athge of the
tetra-chromatic device in which a yellowish colsrshown under low
drive current density, with Clg near (0.40, 0.44) can be readily obtained.
Similar color for the twilight sky is believed toebimportant in the
regulation of the human circadian rhythm during thest-working
duration [63]. Under high-current.densities for laggiion of illumination
in the daytime, a very nearwhite peint of ¢;JiD.33, 0.36) can also be
achieved. These CJE points appear to lie close to the locus point$ tha

follows the line of a black-body radiator for illunation application.
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520

0O 0.2 04 0.6 0.8

Figure 4-4 2-D Clliydependen&e of the devices

Luminance (nits)

Figure 4-5 3-D ClE, dependence with the luminance

44

—

——



From Figure 4-4, we can observe that the tetrarhtic OLED
differs from the tri-chromatic OLED in the coloM/ith a shift of about
x=0.05 to the right side. Each of the three dotgragents current
densities of 0.5, 20 and 200 mA/cnBy this way, the tetra-chromatic
devices will also have CIE positions much closeitite white original
point at (0.33, 0.33) under higher current density.

The spectral dependence with the luminance is shovagure 4-6,
we can see that under lower luminance, the bluessom intensity is
weaker, and gets stronger and stronger under higigtness, thus leads

to a more saturated white emission.

T T T j 1
10 —_— 50 nits | |
—+— 3000 nits
—k— 10000 nits | 1
08 —e— 15000 nits
' —a— 25000 nits
£
< 064 .
=
‘B
c -t !
2 f daylight
£ 044 iy
d 2 ++++4+++4++++ Ss twilight
{
0.2 4
0 | | wl i natome I
400 500 600

Wavelength (nm)

Figure 4-6 Spectral dependence with the luminahtse(. the spectrum

of twilight & daylight sky color)
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From the efficiency Table 4-1, we can observe thhe
tetra-chromatic device contributes to the riseiefdyfrom 8.3 to 8.7 cd/A,
due to the higher sensitivity of yellow light teethuman being’s eye, but
while rubrene is a material that will extensivetagd electrons [62], the
voltage will also rises 0.6 V, so there is no im@ment in the power
efficiency. Both devices show white light emissigith CIE positions of

(0.30, 0.39) and (0.45, 0.40) under 20 mAicm

Table 4-1 EL performance of the devices (Set A)

Device Voltage Current Power EQE (%) CIE 1931 CRI %NTSC
(V) Efficiency Efficiency color
(cd/A) (Im/W) _ . gamut
Tri- 4.5 8.3 5.8 3.7 (0.30, 0.39) 89 72.9
Tetra- 5.1 8.7 5.3 37 | (0.35,0.40) 87 66.9

520

0.8

0.6

Greenish
yellow

~Yellowish orange

0.4

Tri-chromat

Tetra-chrpmatic

%NTSC color garhut
0 0.2 0.4 0.6 0.8




0.0045 0.003
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00035 | 0.0025
= 0.003 ' ©0.002 - . -
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% 00022 —Redlight - 00015 - || |I. dlibht
o |||| |||..
" gm&“'mmwmwwm—mm
0.001 - 00005 | ‘ I '|||| |l“ I
"L 0N

O m
380 420 460 500 540 580 620 660 700 740 780

Wavelength (nm)

380 420 460 500 540 580 620 660 700 740 780
Wavelength (nm)

Figure 4-7 (top) The %NTSC color gamut for devieeA
(bottom)The devices after color filter transmisgleft:

tri-chromatic, right: tetra-chromatic)

The color rendering indexes are very good with eslaf 87 and 89.
Also good %NTSC color gamut was achieved with valoear 70, the
tetra-chromatic device have lower-%NTSC value du#he insert of an
yellow component, which shifts the green coordinatehe right, thus
lead to the shrinkage of the %NTSC. Higher %NTS@iescan also be
reached by selecting a higher quality color filigut fluorescent devices
efficiencies are not enough for white solid staghting, so we will next
focus on using phosphorescent materials insid©tHeD device for their
capability for producing higher efficiencies. Owaxt part of research will

emphasize on phosphorescent white OLED devices.

4.2 Phosphorescent white OLED

In the case of phosphorescent white OLED, tri-clatbtenOLED
devices were fabricated more often using the fahgwmaterials—a

green phosphorescent green material Ir(ppydr the bluemission, we
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uses a well known greenlish-blue dopant Flirpic. féoremission dopant,
we uses Ir(pig) a well-known red phosphorescent dopant materthv
emits pure red color with CIE coordinates of (0.67.33). But
unfortunately, Ir(piqd has a triplet bandgap of 2.0 eV and its HOMO and
LUMO are 5.2 eV and 3.2 eV, respectively, which raher deep
compared with other dopant materials. Although C@Rh triplet
bandgap of 2.6 eV is commonly used as a host {piqglk, the large
energy gap between CBP and Ir(gitgsults in charge trapping in the red
dopant rather than energy transfer from CBP tadj¢d64]. Therefore, a
triplet sensitizer which can induce efficient enetgansfer from CBP to
Ir(piq)sis necessary to get high performances in Irguilgvices. Ir(ppy)
has a triplet bandgap of 2.4 eV compared with 2/0eIr(piq); and it
may be suitable as a sensitizer for Ir(pidi-addition to energy bandgap,
there should be an overlap “of-emission spectrunsesisitizer and
absorption spectrum of Ir(pigXo. get high efficiency through efficient
energy transfer.

So for producing white light, we first exanimated ldue
phosphorescent emission layer plus a red dopapig)s(doped inside the
green emission layer Ir(ppy)The structure is shown in Figure 4-8, we

devote these set of devices as Set B.
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m Al (1400 A)
BPhen: 5%Cs,C0O; (100 A)
Alg, (300 A)
BCP (30 A)
CBP: 8%lIr(ppy)s: x%Ir(piq); (40 A)

CBP (40 A)

CBP (40 A)
NPB (450 A)
ITO/CFx

Figure 4-8 A totally phosphorescent white OLED deviSet B)

For the ease of the fabrication process, thdevimulti-emission layer
have the same host material CBP throughout, antbmsposed of an
Flrpic doped CBP blue EML, an Ir{ppyloped CBP green EML, and an
X % Ir(piq)s co-doped insiderthe green emission layer. The CBerl
close to NPB is to prevent the emission of NPB, drallayer between
the two emission layers is to restrict the flowtlod energy transfer from
the blue emission layer to the other layers, wigaenches the emission
of Flrpic. And also a very thin layer hole blockintaterial BCP is added.
By trapping the excitons, their residence time amdombination
probability in the EML were increased, leading tooaacomitant increase
in OLED efficiency. A 30-nm-thick layer of Algwas used to transport
and inject electrons into the EML. Although the ssmn layers are all
composed of phosphorescent materials, Ir§pighile having a deep
triplet energy, which leads to high driving voltage low doping
concentration, is still not preferred. According tesearch data, the

efficiency drops tremendously and the driving vo#taises heavily for

——
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higher red doping concentrations, which means tinate excitons

trapped in this deep triplet level is not prefeeabl

2.1eV
28eV
Al 43eV
(14004)
NPB CBP:
(400A) | CcBP cep [r(pig)s
(404} (404
(404) | BCP
(304)
ITO 5.1eV
53eV
59eV .

6.2eV

Table 4-2 EL performance of the devices (Set B)

Device Voltage | Yield(cd/A) Eff.(Im/W) EQE(%) CIE

1% 8.1 32.3 12.5 10.8 (0.27, 0.55)
1.5% 8.1 24.2 9.4 9.2 (0.29, 0.52)
2% 8.5 20.2 7.4 8.3 (0.32, 0.49)
2.5% 9.4 16.1 5.4 7.8 (0.38, 0.46)
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According to Figure 4-10 and Chart 4-2, the edfiay drops from
32.3 cd/A for 1.0% concentration to 16.1 cd/A fo8% of Ir(piq)y, while
the voltage raises from 8.1 V to 9.4 V under 10 om&/current density.
Hence, a doping concentration of at least 2.5%eieded to produce

acceptable white emission. The color renderingxnddair with a value

of 71.
34 I T 1 ° 1 ' 1
- 0 —+— current efficiency (cd/A)
° —&— power efficiency (Im/W)
30 4
o o 18
° g
< 2 T 2
3 24 0 =
N . \_ ;‘l
= 22 18 ] =
[ ol \ 14 6
: \ :
5 e / v A i .
[ - . / (@]
TS T I B WA Ly =
= 1842 o S W AN A |
QL S o4 g}; \-"_"’“ “'*, e -
= 144 = v ) —— 1.0 Wt % =
O 123 2 .. L, . | [ ——1.5wt% =
e [ —A—2.0 wt.%
10 2~ &% . . Pt P s > 2 5wt %
400 500 600 700
? Wavelength (nm)
0 | ! 1 ' | ! !
1.0 15 20 25

Doping Concentration of Ir(piq), (%)

Figure 4-10 The efficiencies changes with the dgmioncentration of

Ir(piq); (inset) The EL spectrum

A disadvantage is that the emission of light degabo much from
the white point, which only has a CIE near (0.3@8). This is because
the Flrpic is not blue enough having a peak wawglemear 500 nm
with CIE position near (0.18, 0.40). So, in ordersblve this problem,
one is to invent a more saturated blue phosphanesoaterial, and

another is to use a blue fluorescent material witteeper blue emission
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and combine it with phosphorescent materials witieiocolors.

Figure 4-11 (left)The CIE 1931 positions of the ideg
(right)The %NTSC color gamut

— Al (1400 4) — Al (1400 4)
BPhen:5%Cs,C05 (100 A) BPhen:3%Cs,C05 (100 A)
Algs (300 A) o' Algs{300 A)
BCP(30A)

BCP (30 A)

———CBPUOA, —
NPB (450 A) NPB (430 4)
ITO/'CFx ITO/CFx

Figure 4-12 Devices Structures (Set C)

4.3 Phosphorescent and fluorescent combined whiteDO

Combining both fluorescent blue emission and phosggtent green
and red emission was then studied. We used the samoneture as the
totally phosphorescent device and only exchanged-ttpic doped CBP
host layer into a highly efficient sky blue fluocesit layer with MADN
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dopant BUBD-1, we called these devices as Set €.é€rhission of this
blue layer has a much bluer color rather than Elnphich is an

advantage in the fabrication of white OLED devicdhe emission
spectrum and CIE 1931 positions are shown in tigeirgi 4-13. For the
white device, the fluorescent blue-emitting unitfeemed close to the
ITO anode side in each of the devices because l#snpn-quenching
effect from the Al cathode on the blue emissionlddae avoided with
this arrangement in order to obtain a maximal Eaoession[65]. Again
we evaluated the dopant concentration of Ir@rpide the Ir(ppyy layer,

for this layer nearly defines the total efficiersci@nd CIE positions. We
tried 2.0% and 3.0%, and found that the one witBG2 shows a too
strong red emission thus gives a purple device,taadurrent efficiency
weakens to 7.3 cd/A. The best dopant concentratithibe 2.0% in order
to enter the white region. “This—is /0.5% lower th#me totally

phosphorescent device. This reason can be expldereduse the sky
blue fluorescent dopant BUBD-1 has a deeper blussom compared
with Flrpic, which pulls the CIE positions with l@vy coordinates, thus
a lower red composition is needed. This is a gdtetewhile the Ir(piq)

material is not good for the total efficiency oéttevice.
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Figure 4-13 EL spectrum and CIE positions

For its performance, we will point out that thedtascent blue EL
unit is a critical component in determining col@ngut and efficiency of
the white OLEDs. Our panel showed a peak curreintiexicy of 14.7
cd/A at a luminance of 147 nits;rand under neal01@igs still owns an
efficiency of 12.5 cd/A, power:efficiency of 6 Im/Vdnd EQE near 7%.
The CIE positions are at (0.40, 0.43).

The performance of the RGB OLED as the light soumncan RGB
color display was evaluated by mathematically ajpglyhe transmission
curves of color filter arrays (CFA) to the devidéne outcome is an RGB
system shown in Figure 4-14. Corresponding colordimates compared
with the original NTSC values are also shown, thdT%C color gamut
improved from 56.7% to 62.9% by using the sky Hdluerescent emitter
rather than Flrpic. We note that GlFof red and green peaks and
especially the red coordinates lies practically the spectral locus,

indicating nearly mono-chromatic light. But the dlpeaks still largely
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differ from the %NTSC, which means that our blueiteanis still not
bluish enough and the color filter is not very wd#ading to poor
%NTSC color gamut ratios, so further improvementhwdeeper blue

materials need to be estimated.
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Figure 4-14(top) The %NTSC color gamut for the desi
(bottom)The devices after color filter transmisgieft:

phosphorescent, right: fluorescent plus phosphergsc
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Table 4-3 EL performance of the devices (Set C)

Device Voltage Yield Eff. EQE CIE 1931 CRI %NTSC
(V) (cd/A) | (Im/W) | (%)

P 9.4 16.1 5.3 7.8 (0.37, 0.46) 71 56.7

F+P 6.6 12.2 5.8 6.8 (0.40, 0.43) 80 62.9

Further improvement by shifting the recombinatiamne was then
performed. Although our device already has goodfoperance, we
predicted the efficiency could further be improved modifying the
distance of the emission layers to the anode ardoda. We first
modified the thickness of the NPB layer, which aeis the hole
transportation layer. From a,thickness,of 450 nh650 nm was studied,
the device efficiencies indeed further improved, dtua thickness of 650
nm, the red emission gradually weakens becauserldsses could

penetrate so far.
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Figure 4-15 The EL spectrum with different NPB &miess
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Table 4-4 EL performance of the devices

Devices (V) | (cd/A) | (Im/W) EQE (%) CIE 1931 CRI
NPB 450 6.6 | 12.2 5.8 6.8 (0.40, 0.43) 80
NPB 550 6.2 135 6.8 7.4 (0.39, 0.43) 83
NPB 650 6.4 | 14.7 7.3 6.8 (0.36, 0.46) -

Another study is to exanimate the effect of gmsescent sensitizer
fluorescent devices, because we considered tigptbcess might further
drive down the material cost and fabrication preces

It has been demonstrated that'the.internal effoyient fluorescent can
be as high as 100% by using a phosphorescent igendib excite a
fluorescent dye through resonant-energy transfevdsn triplet excitons
in the phosphor and singlets ‘in‘the fluorescent drevided a device
combines this kind of emission red or yellow withblae emission, it
should be a high-efficiency WOLED. Recently, a WQ@LEwith a
maximum luminous efficiency of 6.0 cd/A by usinggsphor sensitized
fluorescence was reported [52]. In this device, DEJr(ppy)3, and NPB
were used as fluorescent dye, phosphorescentigensiind blue emitter,
respectively. In later reports, a WOLED with a heghmaximum of
9.22 cd/A is performed by using more efficient miaile DPVBi and
rubrene to replace NPB and DCJTB as blue and yedlowiters [66]. Lei
et al. also fabricated a WOLED with a maximum currentogghcy of 9.2

cd/A, in which blue phosphorescent material Firpias used as the

——
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sensitizer [49]. Performances of this kind of WOLE®De further
improved by means of introducing a red phosphordgsemitter as well
as exchanging the positions of the co-doped andblthee emissive layers
[51]. Phosphor sensitization works as follows: Bypihg a phosphor at
high concentrations ~ 5-10 wt% into a conductivet,Hosth singlet and
triplet excitons can transfer onto the phosphorenle. If the phosphor
contains a heavy metal atom, spin orbit couplirandfers all excited
states on the phosphor to the radiative triplet ifoth These radiative
states can then be readily transferred via the |elglpole Fo'rster
process to the radiative singlet state of the fipbore co-doped with
both the host and phosphor molecules. By lightlyidg ~1% the
fluorophore, hopping from the host triplets to tienradiative triplet state
of the fluorescent molecule is discouraged. In @pie, therefore,
phosphor sensitization can lead-to-100% internaintqum efficiency of
OLEDs radiating from the"singlet.-manifold of theiudrescent dopant

molecules [50].

— Al(1400 A) — Al (1400 A)
BPhen:5%Cs,CO; (100 A) BPhen:5%Cs,CO; (100 A)
— Alq (300 A) — Alq (300 A)

CBP(40 A)

MADN:1%BUBD-1 (200 A) MADN:1%BUBD-1 (200 A)
NPB (550 A) NPB (550 A)
ITO/CFx ITO/CFx

Figure 4-16 Devices (Set D)
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Figure 4-17 (Set D) The EL spectrum with differ®@JTB doping
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Indeed, this provides.a good method for producirgtevlight. A
special issue that has not been seen in.phospleotast emitters is that,
a red spectral shift of the DCJTB-peak from abdf &m to 580 nm is
observed with increasing “DCJIB. concentration. Thaffect is also
studied in other reports [67].

From the standard intensity spectrum, we can sed ty
intensifying the red dopant concentration, the eedission tends to
maintain its maximum intensity without intensifyiragy further, but to
the decrease of the green emission.

This device shows the best efficiency with @idg of concentration
of 1.2%, reaching 16.7 cd/A, and power efficien€\8@& Im/W, the CIE
shifted slightly to (0.41, 0.47), but still showsvaite emission color. But
due to the red emitter is not saturated enoughCiiRevalue is low, R9

which is a strong red reflector is below 0.
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Table 4-5 EL performance of the devices (Set D)

Devices (V) (cd/A) (Im/W) | (nits) EQE (%) | CIE 1931 CRI
0.3% 6.1 23.7 12.0 2357 7.7 (0.33, 0.52) ---
0.6% 6.2 21.8 11.1 2180 7.4 (0.36, 0.50) -
0.9% 6.3 19.2 9.5 1924 6.5 (0.37, 0.49) ---
1.2% 6.3 16.7 8.3 1665 6.0 (0.41, 0.47) 63

Figure 4-18 shows the comparison of the five kirmdsdevice
structures in its power efficiency. The phosphars#tized fluorescence

obviously shows the highest efficiency.
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Figure 4-18 The comparison of the five kinds ofide\structures in its

power efficiency
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4.4 OLED with an external color tuning layer

A few papers introduced the idea of using a coioitteng OLED in
combination with a down-conversion layer to produwdete OLED. We
also tried to use this easy fabrication processl, iamproved the CIE
positions by selecting an appropriate concentratige dissolved in
PMMA. According to the concept of complementary el@ngths, two

colors added in order to produce white color iculated as in Figure

4-19.
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Figure 4-19 The concept of complementary wavelength

61

—
| —



So if our blue devices have emission intensityr @&® nm, we will
then need a complementary wavelength near 580 rorder to produce
white light. We exanimate the effect of the dopouncentration of the
ECTL dye inside polymethylmethacrylate (PMMA) hosthich is
considered the most transparent thin film matetials found that the
spectrum tends to red-shift at higher doping camwljitbut the emission
peak near 538 nm is nearly not changed. We estithatethe strongest

absorption and emission for the dye is between 9%and 1.0wt%.

T
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—&— 1.0 wt.%
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1
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Figure 4-20 The PL emission of the ECTL under défe concentration

So for our best choice, the doping of this EGhito PMMA was
achieved by mixing 0.5 to 1.0wt% of the dye with MK in a common
solvent such as toluene. The well-stirred mixtwsr(g ultrasonic mixing
for 15 min) was applied on the substrate by usimg doctor blade

technique then was dried in air.
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Blue devices with ECTL
For testing the performances of the color tuningtawe fabricated

three blue devices as shown in Figure 4-21. Dekideis a fluorescent
blue emitting OLED having the structure of:
ITO/CFx/NPB/MADN:1%BUBD-1/Alg/BPhen:5%GEOy/Al, while
Devices EB and E-C are phosphorescent blue emitting diodes, with
either a ungraded or graded emission layer, respéctDeviceE-B has
the structure: ITO/CFx  /INPB/mCP:  8%FIrpic/BPhen/BRh
5%CsCGOs/Al, while Device EC have the same structure except with a
graded emissive layer: ITO/CFx/INPB/mCP:  5%FIrpickmC
15%FIrpic/mCP: 35%FIrpic/BPhen/BPhen:5%C8s/Al, the average

dopant concentration of the emission layer is aile at 8% .

Device E-A Device E-B Device E-C
—  AI(1400A) —  Al(1400A) —  AI(1400A)
BPhen:5%Cs,00; (100 &) BPhen:5#Cs, 00 (100 &) BPhen:5%Cs,00; (100 &)
- Algs (100 A) — | | BPhen (400 A) BPhen (400 A)
ook P EFrpc
(200 A)
NPB (700 A) NPB (500 A) NPB (500 A)
ITO/CFs ITO/CFs ITO/CFx

Figure 4-21 The blue devices (Set E)

As shown in Figure 4-22, DeviceA&-and Device BB shows nearly
the same current efficiency of 8.6 cd/A and 9.6Acdhder 10 mA/crfy
we can see that the two lines intersects at a lamw@ of 2500 nits. For
higher brightness, Device E-produces a steady efficiency throughout

10000 nits, while the efficiency of DeviceHstarts to descent, probably
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due to triplet-triplet annihilation. Device €; which has a gradient
emissive layer has a higher current efficiency @B81cd/A, nearly 150%
better than Devicd. This effect is reported earliest in 2004 [68].eTh
reason is that in order to achieve a high efficyeand color stability for
high-energy electro-phosphorescent devices, botlectren and
hole-blocking layers are needed [69]. By usingadgd structure, Flrpic
can be used as a combined hole-blocking and efettansporting layer:
For the part nearer the cathode, the high condentraf 35% Flirpic in
the mCP: FlIrpic/Bphen interface can block holes axditons from
migrating out of the emissive layer and this enleanihe efficiency and
luminance of the device. For the part closer toahede, the NPB/mCP:
Flrpic interface with low dopant concentration ohlyp 5% acts
simultaneously as an electron-blocking layer. Whhe excitions are
further controlled inside the emissive.layer, a magher efficiency can
be reached. In 2008, another study exanimated ecldghrs effect and
found that most of the recombination zone is cldsethe ETL and by
doping only the part near the ETL, nearly the safiiency can be
reached as doping the whole emission layer [7030Akorth noting is
that the EL spectra of Device EE-and E-C are slightly different,
presumably due to the shift of the major recomhbamatzone to the
electrodes distance [71]. The CIE coordinates ef ithree devices are
(0.17, 0.32), (0.20, 0.42) and (0.18, 0.40), respely. Device EB and
E-C have a much greenish color compared with the eomssf Device
E-A.
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Figure 4-22 The efficiencies and EL spectra of deBet E

Device E-A Device E-B’ Device E-C’
—  AI(1400A) —  Al{1400A) —  Al{1400A)
BPhan:53Cs,00; (100 &) BPhan:5%Cs00; (100 &) BPhan:5%Cs,C0; (100 &)
T | Aga(100A) |7 | BPhen (400 A) | BPhen (400 A)

NPB (700 A) NPB (500 A) NPB (500 A)
ITO/CF:x ITO/CFx ITO/CFx
ECTL ECTL ECTL

Figure 4-23 The device structures of device Sdtdf applying external

color tuning layer (ECTL)
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Table 4-6 The EL performance of the devices beforeversion(Set E)

Devices (V) (cd/A) (Im/W) EQE (%) CIE 1931
E-A 4.9 8.6 5.5 4.1 (0.17, 0.32)
E-B 6.0 9.6 5.0 3.9 (0.20, 0.42)
E-C 5.7 13.8 7.6 5.9 (0.18, 0.40)

ECTLs were deposited on the three blue devicessinyguhe doctor
blade technology till that all of the three devides/e reached the same
conversion intensity at the ECTL main peak witheamission of 548 nm.
The devices after conversion are labeled as Dds4éé E-B’ and EC’.

The efficiency after conversion is shown as Fegd-24, the devices
have CIE values pretty close to the CIE white poWve can see that
originally Device EA and Device BB have nearly the same efficiencies,
but now Device BB’ has- a.intensity higher than DeviceAE- This is
majorly because that the ECTL have a major absorgieak near 491
nm and 525 nm (not shown), but the fluorescent &e\&EA’ while
having a deeper blue emission spectrum and alseak wmission near
491 nm leads to lesser energies can then be alosbybthe ECTL near
491 nm.The layer then turns to absorb the emission clms&25 nm and
emits the light with a longer wavelength trend, ethieads to a much
weaker current efficiency because of the lower sgesitivity. But the
efficiencies after conversion drops a lot, the aosion efficiencies are
only about 60%. To notice, while the devices cantanly one emissive
layer, there is absolutely no color shifting issiig¢he devices from 200
nits till over 10000 nits.

We also modified the concentration of the ECTL [evice EC’
and found that the conversion peaks were slightferént for 0.5wt.%
and 1.0wt.%, but the one with a 0.5wt.% ECTL conicdion have higher
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efficiency, which seems to be a effect of the higkye sensitivities due
to the raise of the greenish-yellow emission peaks, the efficiency of
applying 1.0wt.% was rather weaker. The 0.5wt.% amfdvt.% devices
after conversion show the original emission frore tilue device with
peaks near 472, 504 nm, and also conversion pess544 or 548 nm
with also a longer wavelength shoulder. But since tlevice with a
0.5wt.% ECTL deviates from the white point somdatse, it is majority

useless.
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Figure 4-24 The efficiencies . and EL spectra of de\Bet E after

conversion

Table 4-7 The EL performance of the devices afbeversion(Set E)

Devices (V) (cd/A) (Im/W) EQE (%) CIE 1931

E-A’ 4.9 5.2 3.3 2.1 (0.33, 0.33)
E-B’ 6.0 6.8 3.6 2.6 (0.31, 0.43)
E-C’ 5.8 9.6 5.2 3.6 (0.31, 0.43)

—
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4.5 Comparison of the white devices

In this section, | compared the white devices iis tlesearch. The
performances of the devices are shown in the fatigwrable 4-8. The
performances are retrieved under a current demdit§0 mA/cnf for
devicesB, C, D, E and 20mA/crh for deviceA. For all the the devices,
the one that owns the best characteristic is drfdde comparison.

(1) Voltage

Device A and DeviceE-A while using fluorescent emissive layers
have the lowest operation voltage of nearly 5 yalen followed by
devicesC, D and E-C, while these devices contain only a part of
phosphorescent materials;:DeviBehad the highest operating voltage of

over 9 volts due to an extremely thick phosphonetsemissive layer.

(2) Current Efficiency

DevicesB and D owns the highest efficiencies of over 16 cd/A,
nearly twice of that using fluorescent emissiorelay The efficiencies of
SetE are not enough since the single blue emissive leyrot efficient

enough, and also there is always some loss dinetBCTL.

(3) Power Efficiency
Devices C, D owns the highest power efficiencies, due to the

improvement in operation voltage, but still remhighly efficient.

(4)External Quantum Efficiency

For the external quantum efficiency, DevicBs C, D, while all
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contained at least one phosphorescent material reaoh over 5%.
Among these, the totally phosphorescent device i@eB) truly owns

the highest of 7.8%.

(5) CIE Positions
The CIE color are better for fluorescent based aesyi while the
phosphorescent ones do not have a saturated ebuwgylemissive color.

This cause the illumination color to be closerliamination point A.

(6) Color Rendering Index

DeviceA and DeviceC both own performable color rendering index
for illumination usages. DevicB which uses Flrpic as the blue emitter,
does not have a saturated. blue emission, so theisCRhly fair. For
deviceD, the red emitter-DCJTB-only. has a peak near 580wimch is

not red enough, so the CRI'is even. poorer.

(7) Color shifting issue
Devices SetE which contains only one emissive layer had

absolutely no color shifting issue of the devicesf 200 nits till over
10000 nits.
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Table 4-8 Comparsion of the devices

Devices | Voltage | Current Power Luminance | EQE CIE 1931 CRI
(V) Efficiency | Efficiency (nits) (%)
(cd/A) (Im/W)
A (59 8.7 5.3 1737 3.7 (0.35, @ (87)
B 9.4 GGD 5.3 1614 (79 (0.37, 0.46) 71
c 6.2 13.5 6.8 1349 7.4 (0.39, 0.43) @
D 6.3 16.7 @ 1665 6.0 (0.41, 0.47) 63
E-A @ 5.2 3.3 524 2.1 60\3‘3,_@ ---
E-C 5.8 9.6 5.2 960 3.6 (0.31, 0.43) ---
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Figure 4-26 The CIE 1931 positions and photogrdghedevices
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Chapter 5

Conclusions

In conclusion, we demonstrated WOLEDs with tetresafmatic
fluorescent structrure with a luminance efficienaly 8.7 cd/A, NTSC
ratio of 66.9% and CRI=87, and a specific futurettoé device is that
under low drive current density, a GIE near (0.40, 0.44) can be readily
obtained which is near illuminant point A for cole@mperature near
3,000K. Under higher current.density, a very wiGt& position could be
reached. By using such a device as in the day md the regulation of
the human circadian rhythm can be fulfilled. Weodiabricated devices
based on phosphoreseent” materials, a fluorescente bplus
phosphorescent green and red emission layer daaitean efficiency of
13.5 cd/A and CRI=83, which is acceptable for illoation. Finally, we
used a phosphorescent sensitizer to excite a 8oer¢ dye through
resonant energy transfer by adopting the fluoreaseehmaterial DCJTB
to replace the phosphorescent red material Ifpi@y using this
mechanism, and by inefficient transfer from theegréo red, a higher
efficiency of 16.7 cd/A could be reached due tolifgher eye sensitivity
of the orange-reddish emission color of DCJTB. Ikemnore, we
simplified the fabrication process of OLED devidag using a single
color emission layer plus an external color tuniager in order to

fabricate white light. In this part, we reached tksults that by using a
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graded phosphorescent blue device plus the ECELhidfhest efficiency

can be reached.
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