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7) ABSTRACT

A white light-emitting OLED device comprising: an anode
and a cathode; at least four light-emitting layers provided
between the anode and the cathode, wherein each of the four
light-emitting layers produces a different emission spectrum
when current passes between the anode and cathode, and
such spectra combine to form white light; and wherein the
four light-emitting layers include a red light-emitting layer,
a yellow light-emitting layer, a blue light-emitting layer, and
a green light-emitting layer, arranged such that: 1) each of the

(73) Assignee: Eastman Kodak Company 1¥ght-em%mng layers is in contact.wnh at IF:ast one qth-?r
light-emitting layer, ii) the blue light-emitting layer is in
(21) Appl. No.: 11/393,767 contact with the green light-emitting layer, and iii) the red
light-emitting layer is in contact with only one other light-
(22) Filed: Mar. 30, 2006 emitting layer.
A R N R e e A / 90
A A R N ey 60
Z £ z - LA
\:} /'} . )‘I/}A}z“,%«l 2 2.3, 22 .JKII_A/.$V;}"}}7// o f/_SS
R R R T K I Iy IR
) 504
R A A R T R R T
A A A
A R R Y 59,3
70 < NN

> B
g
<

A AV A,

o DNk NPT N A NN S N IS NN oS SN,

X AT :f.\‘v'"u‘\..f'\‘.- . TS *;r_\.- ..rp:.f AR
R Y Y A T Y Y A N A A AN NN

~

ATA T AT AT

A
=

AT
o N A "\, A N B N Nk A REAY A AN AT T N ‘\..'\.J:\_l
D A A A A A A A A A A A A A A A A A R AR RAARARANRTARA g




Patent Application Publication Oct. 4,2007 Sheet 1 of 7 US 2007/0228938 A1

FIG.1:

A L R N '\"v \'\‘\- O A L R AL LA R AR A N AL SR ) \.\'\.\"s\"
R R RS S \\* A '\\.‘ NN '\\\'\\ AR AN A AR RS AR AN NSNS

N ’ 60
g mewmmﬁwﬂs
7 /’/ % S z'/,f¢// i / 7

—50.4
\:\ \\\\ "\ \\x\\\\\\:\.\ RN Q.'\ \‘Qo\‘ ‘\“-\ ‘\\\‘ -\\\, \\\\2\ “ -\.\\\'\
- \}\ WIS 53
| L[ l P11 *

NEERAEE
PO f_ 50.2

70<

O E TS A 'z‘. 'r"/" '.J" T

'HHH l"JHHHJI'EWl“lll H

R R T T LTI T AT AT RIS

A N N AN J\.‘ AN " \ﬁvi\ f \Fﬁ'\f\-’ '\-ﬁv"\/ LAY \." A -’
Ea YA Y XY, o '\'\_f"’\ P A YA Y a Vs P L NN A Ve ."“"\n‘-"‘\m W N N W W Ry

I fwvvxiw«,wm&v;f\ 25

NN




Patent Application Publication Oct. 4,2007 Sheet 2 of 7 US 2007/0228938 A1

FIG. 2a ' FIG. 2b

Ty 08
R
t'{ ™ \'{,\Z'\\'.“-Q&\'\}\\\\t\\}\'\.\&\\*‘t\\\'ﬁ\\‘\}\\"\* Sog
NN - - .

R R 50b /

X A A A A A N

R A R R R R R RNRRRRNRNN 50
] i 11 DA A AN SRR y

7 rEr
.

50 EOREORC e e
= y
VoL P AL L EEF TSR TS EELEES TSP L

g S S P P e g P et -"'-"/-501'

1

WIS

\

FIG. 2¢c FIG. 2d

LTS EEEE TGS / SR P R R R :’.-’f'f’./‘4-"a‘./‘f'z’.//'/.f/'/r‘;’.f.r'f'_-,‘/_

SOg S ErL P F OIS ELEREEESF LTS FSF AR 5 Ob .

S

A PR PSS C PV RO S SRS

e e e e e e

S AN AN A A S A SRR B AN S A N

2 \“:},\}\\\:\&{« \\Q\x‘»}\\\\\:‘@ '\:\ BANANNSNES 50b sog

o ) g . T, KN
T T NE R T RO




Patent Application Publication Oct. 4,2007 Sheet 3 of 7 US 2007/0228938 A1

FIG. 2¢ FIG. 2f

A AR \,:.":\»};. \\"’\:-ﬁ-

TR
AN
RNRRIAND N AR Y /_-sob
AT
AT
WA

IR

o

S

"L

AEIEESEF

i AP PSS AR AT PSSR
L E PSS LN FRLEELEESETL TSI

FIG. 2g FIG. 2h

S AL

ey

VTP

AR ST L L ETSESLE LRSI PSR E S SL L
RN, A Y AN A N i Y, Y > N
(A, R R R RN
e o e A A A8 AL AN AN S N Y Sug RANSON \:“':\:\\"\?}*‘\V""v:' \}(\\ “:}\'}\t \:w\}{\‘\k&.‘ 50b
R N A T fag
o, AR AR A A AN AN S S A

R A AR HH
e S A i ] L




Patent Application Publication Oct. 4,2007 Sheet 4 of 7 US 2007/0228938 A1

FIG. 3:

/ B A e A A N A e A A A A A R R R AR R A U R R RSN /- 90
e T A o o T e A o A o A e A A e A A A S R O A A N 6 0
UL UL LLEL L UL L L S

f RW PMESNIIN IV *%"é%%\"%" a,{)ﬁg?)%bi}i‘&b\“} L/

PRV R R R RN TR PR Y 55

A3

\ WS FEER LR RIS 233 > Sints

LS

N N RN A IR A S T A AN N AR S R T AL S A LR B O W R GV AR S R AL R S >

A A N N AR A 5 N
e T L R e e R A A T
AR \‘v“.,\“-.: . ‘\,\’\ T N e T A A A T A T, Q\\\, TR " R Y Sﬂb

11

70<

R R R T T T R R R LR

Jﬂﬁ{m gfwg gm @,m



Patent Application Publication Oct. 4,2007 Sheet S of 7

FIG. 4:

US 2007/0228938 Al

R A A e R R R A A R
R R A I A A A A A AR AR AR R R

60
MV EV IR EE N PR RN SN IEE) vdl
TN T RN S S SN T MU N NNV II NN

i asail 65

R R R R T S :
DA s R
A R R R A R R SRV SR

e 514

NS /_5103

854

ISP LA ELI LIRSS ELIT I AE S

o a e e e g s g e

ST ALILES S

SE AL TP S

PPy NSy PPy

f—51.2
AP IAPE]

R 7, v
/f/z“i Ly }f - TSRS E AL, y 7 i v
4
8 0 e A A e A A T A A A A A 50.4
D o T e e N N e e T A e e N A AT
R A sy
A T A R e A S RN

AR 50.3

—50.2
L IELETEPEE TS AL

I:

et et /_50,1




Patent Application Publication Oct. 4,2007 Sheet 6 of 7 US 2007/0228938 A1

750

650

FIG. 5:
Wavelength (nm)

550

450

350

8 3 &
o Qo o
(wiu/Zwy/is/M) @duelpey |esjoads

0.08
0.00 -



Patent Application Publication Oct. 4,2007 Sheet 7 of 7 US 2007/0228938 A1

800

750

700

650

FIG. 6
Wavelength (nm)

550

150
140

500

450

400

350

[+ ] ™~ ©o [T < «
S © & &8 & 9
o o (=] o [=] (=]

(WurZw/s/pm) eduelpey [exnads

0.10
0.09 -
0.02 -
0.01 4
0.00



US 2007/0228938 A1l

EFFICIENT WHITE-LIGHT OLED DISPLAY WITH
FILTERS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] Reference is made to commonly assigned U.S.
Patent Publication No. 2005/0181232, published Aug. 18,
2005, entitled “Anthracene Derivative Host Having Ranges
Of Dopants” by Ricks et al.; U.S. Patent Publication No.
2005/0181232, published Nov. 10, 2005, entitled “Improved
Tuned Microcavity Color OLED Display” by Hatwar et al.;
and U.S. patent application Ser. No. 11/170,681, filed Jun.
29, 2006, entitled “White Light Tandem Oled Display With
Filters” by Hatwar et al.; the disclosures of which are
incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to broadband light-
producing OLED displays with color filters.

BACKGROUND OF THE INVENTION

[0003] An organic light-emitting diode device, also called
an OLED, commonly includes an anode, a cathode, and an
organic electroluminescent (EL) unit sandwiched between
the anode and the cathode. The organic EL unit includes at
least a hole-transporting layer (HTL), a light-emitting layer
(LEL), and an electron-transporting layer (ETL). OLEDs are
attractive because of their low drive voltage, high lumi-
nance, wide viewing-angle, and capability for full color
displays and for other applications. Tang et al. described this
multilayer OLED in their U.S. Pat. Nos. 4,769,292 and
4,885211.

[0004] OLEDs can emit different colors, such as red,
green, blue, or white, depending on the emitting property of
its LEL. Recently, there is an increasing demand for broad-
band OLEDs to be incorporated into various applications,
such as a solid-state lighting source, color display, or a full
color display. By broadband emission, it is meant that an
OLED emits sufficiently broad light throughout the visible
spectrum so that such light is used in conjunction with filters
or color change modules to produce displays with at least
two different colors or a full color display. In particular, there
is a need for broadband-light-emitting OLEDs (or broad-
band OLEDs) where there is substantial emission in the red,
green, and blue portions of the spectrum, i.e., a white
light-emitting OLED (white OLED). The use of white
OLEDs with color filters provides a simpler manufacturing
process than an OLED having separately patterned red,
green, and blue emitters. This can result in higher through-
put, increased yield, and cost savings. White OLEDs have
been reported in the prior art, such as reported by Kido et al.
in Applied Physics Letters, 64, 815 (1994), J. Shi et al. in
U.S. Pat. No. 5,683,823, Sato et al. in JP 07-142169,
Deshpande et al. in Applied Physics Letters, 75, 888 (1999),
and Tokito, et al. in Applied Physics Letters, 83, 2459
(2003).

[0005] In order to achieve broadband emission from an
OLED, more than one type of molecule has to be excited
because each type of molecule only emits light with a
relatively narrow spectrum under normal conditions. A
light-emitting layer having a host material and one or more
luminescent dopant(s) can achieve light emission from both
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the host and the dopant(s) resulting in a broadband emission
in the visible spectrum if the energy transfer from the host
material to the dopant(s) is incomplete. To achieve a white
OLED having a single light-emitting layer, the concentra-
tions of light-emitting dopants need to be carefully con-
trolled. This produces manufacturing difficulties. A white
OLED having two or more light-emitting layers can have
better color as well as better luminance efficiency than a
device with one light-emitting layer, and the variability
tolerance for dopant concentration is higher. It has also been
found that white OLEDs having two light-emitting layers
are typically more stable than OLEDs having a single
light-emitting layer. However, it is difficult to achieve light
emission with strong intensity in the red, green, and blue
portions of the spectrum. A white OLED with two light-
emitting layers typically has two intensive emission peaks.
It is known to use a third light-emitting layer to provide a
third intensive emission peak, but such a three-layer struc-
ture shows diminished efficiency.

[0006] Recently, a tandem OLED structure (sometimes
called a stacked OLED or cascaded a OLED) has been
disclosed by Jones et al. in U.S. Pat. No. 6,337,492, Tanaka
et al. in U.S. Pat. No. 6,107,734, Kido et al. in JP Patent
Publication 2003/045676A and in U.S. Patent Publication
2003/0189401 Al, and Liao et al. in U.S. Pat. No. 6,717,358
and U.S. Patent Application Publication 2003/0170491 Al.
This tandem OLED is fabricated by stacking several indi-
vidual OLED units vertically and driving the stack using a
single power source. The advantage is that luminance effi-
ciency, lifetime, or both are increased. However, the tandem
structure increases the driving voltage approximately in
proportion to the number of OLED units stacked together.

[0007] Matsumoto and Kido et al. reported in SID 03
Digest, 979 (2003) that a tandem white OLED is constructed
by connecting a greenish blue EL unit and an orange EL unit
in the device, and white light emission is achieved by
driving this device with a single power source. Although
luminance efficiency is increased, this tandem white OLED
device has weaker green and red color components in the
spectrum. In U.S. Patent Application Publication 2003/
0170491 Al, Liao et al. describe a tandem white OLED
structure by connecting a red Et unit, a green EL unit, and
a blue EL unit in series within the device. When the tandem
white OLED is driven by a single power source, white light
emission is formed by spectral combination from the red,
green, and blue EL units. Although color emission and
luminance efficiency is improved, this tandem white OLED
cannot be made with less than three EL units, implying that
it requires a drive voltage at least 3 times as high as that of
a conventional OLED.

[0008] A need exists for displays that are simple to make,
but also have effective color gamut and high efficiency.

SUMMARY OF THE INVENTION

[0009] Tt is therefore an object of the present invention to
produce an OLED display that is simple to make and has
good color gamut and improved efficiency.

[0010] This object is achieved by a white light-emitting
OLED comprising:

[0011]

[0012] b) at least four light-emitting layers provided
between the anode and the cathode, wherein each of the four

a) an anode and a cathode;
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light-emitting layers produces a different emission spectrum
when current passes between the anode and cathode, and
such spectra combine to form white light; and

[0013] c¢) wherein the four light-emitting layers include a
red light-emitting layer, a yellow light-emitting layer, a blue
light-emitting layer, and a green light-emitting layer,
arranged such that:

[0014] i) each of the light-emitting layers is in contact
with at least one other light-emitting layer,

[0015] ii) the blue light-emitting layer is in contact with
the green light-emitting layer, and

[0016] iii) the red light-emitting layer is in contact with
only one other light-emitting layer.

ADVANTAGES

[0017] Tt is an advantage of the present invention that it
provides for a device with improved color gamut and
improved power efficiency, with lower voltage require-
ments, high stability, and better angular dependence.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 shows a cross-sectional view of an OLED
device in accordance with this invention;

[0019] FIG. 2a to 2k show cross-sectional views of the
embodiments of arrangements of the light-emitting layers in
the OLED device in accordance with this invention;

[0020] FIG. 3 shows a cross-sectional view of an OLED
display in accordance with this invention;

[0021] FIG. 4 shows a cross-sectional view of another
OLED device in accordance with this invention;

[0022] FIG. 5 shows a comparison of the emission spec-
trum of a four-layer white-light-emitting OLED device
according to this invention with the spectra of two- and
three-layer white-light-emitting OLED devices; and

[0023] FIG. 6 shows a comparison of the emission spec-
trum of a four-layer white-light-emitting OLED device
according to this invention with the emission spectrum of a
four-layer white-light-emitting single-stack OLED device.

[0024] Since device feature dimensions such as layer
thicknesses are frequently in sub-micrometer ranges, the
drawings are scaled for ease of visualization rather than
dimensional accuracy.

DETAILED DESCRIPTION OF THE
INVENTION

[0025] The term “OLED device” is used in its art-recog-
nized meaning of a display device comprising organic
light-emitting diodes as pixels. It can mean a device having
a single pixel. The term “OLED display” as used herein
means an OLED device comprising a plurality of pixels,
which can be of different colors. A color OLED device emits
light of at least one color. The term “multicolor” is employed
to describe a display panel that is capable of emitting light
of a different hue in different areas. In particular, it is
employed to describe a display panel that is capable of
displaying images of different colors. These areas are not
necessarily contigunous. The term “full color” is employed to
describe multicolor display panels that are capable of emit-
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ting in the red, green, and blue regions of the visible
spectrum and displaying images in any combination of hues.
The red, green, and blue colors constitute the three primary
colors from which all other colors can be generated by
appropriate mixing. The term “hue” refers to the intensity
profile of light emission within the visible spectrum, with
different hues exhibiting visually discernible differences in
color. The term “pixel” is employed in its art-recognized
usage to designate an area of a display panel that is stimu-
lated to emit light independently of other areas. It is recog-
nized that in full color systems, several pixels of different
colors will be used together to produce a wide range of
colors, and a viewer can term such a group a single pixel. For
the purposes of this discussion, such a group will be con-
sidered several different colored pixels.

[0026] In accordance with this disclosure, broadband
emission is light that has significant components in multiple
portions of the visible spectrum, for example, blue and
green. Broadband emission can also include the situation
where light is emitted in the red, green, and blue portions of
the spectrum in order to produce white light. White light is
that light that is perceived by a user as having a white color,
or light that has an emission spectrum sufficient to be used
in combination with color filters to produce a practical full
color display. For low power consumption, it is often advan-
tageous for the chromaticity of the white light-emitting
OLED to be close to CIE Dy, 1., CIE x=0.31 and CIE
y=0.33. This is particularly the case for so-called RGBW
displays having red, green, blue, and white pixels. Although
CIEx, CIEy coordinates of about 0.31, 0.33 are ideal in some
circumstances; the actual coordinates can vary significantly
and still be very useful. The term “white light-emitting” as
used herein refers to a device that produces white light
internally, even though part of such light may be removed by
color filters before viewing.

[0027] Turning now to FIG. 1, there is shown a cross-
sectional view of a pixel of a white-light-emitting OLED
device 10 according to a first embodiment of the present
invention. Such an OLED device can be incorporated into
e.g. a display or an area lighting system. The OLED device
10 includes at a minimum a substrate 20, an anode 30, a
cathode 90 spaced from anode 30, and at least four light-
emitting layers 50.1, 50.2, 50.3, and 50.4 provided between
anode 30 and cathode 90. The four light-emitting layers of
organic EL element 70 include a red light-emitting layer, a
yellow light-emitting layer, a blue light-emitting layer, and
a green light-emitting layer. The exact order of these layers
will be discussed further below. Each of the light-emitting
layers 50.1, 50.2, 50.3, and 50.4 produces a different emis-
sion spectrum when current passes between anode 30 and
cathode 90. These emission spectra combine to form white
light as shown by spectrum 130 of FIG. 5. For comparison,
spectrum 110 shows the emission spectrum of a white-light-
emitting OLED device that has two emitting layers: a
blue-light-emitting layer and a yellow-light-emitting layer.
Spectrum 120 shows the emission spectrum of a white-light-
emitting OLED device that has three emitting layers: a
red-light-emitting layer, a green-light-emitting layer, and a
blue-light-emitting layer. Spectrum 110 is relatively weak in
the green portion of the visible spectrum, so that a green-
filtered pixel will need to be driven to a greater brightness.
Spectrum 120 has weak emission in the yellow region, and
will thus have low efficiency (in candelas/amp), especially
when used in a white pixel. In contrast, spectrum 130
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displays neither of these weaknesses, and has good emission
across much of the visible spectrum.

[0028] OLED device 10 can further include other layers,
e.g. hole-transporting layers 40, 45 electron-transporting
layers 55, 65 hole-injecting layer 35, electron-injecting layer
60, and color filter 25. These will be described further below.

[0029] An exciton formed by hole-electron recombination
in the blue light-emitting layer can transfer to the green,
yellow, or red light-emitting layers. An exciton in the green
light-emitting layer can transfer to the yellow or red light-
emitting layers, and an exciton in the yellow light-emitting
layer can transfer to the red light-emitting layer. Therefore,
it is important for the functioning of this invention that the
light-emitting layers be arranged in an order that is ener-
getically favorable. Such an order is achieved when the
light-emitting layers are arranged such that: i) each of the
light-emitting layers is in contact with at least one other
light-emitting layer, ii) the blue light-emitting layer is in
contact with the green light-emitting layer, and ii1) the red
light-emitting layer is in contact with only one other light-
emitting layer. The following figures show the arrangements
that meet these criteria. Turning now to FIG. 2a, there is
shown a cross-sectional view of one embodiment of arrange-
ment of the light-emitting layers in OLED device 10 ful-
filling these requirements. This arrangement and the subse-
quent arrangements to be described can be used for any of
the OLED devices and OLED displays described herein. In
the arrangement of FIG. 2a, red light-emitting layer 50~ is
formed closest to anode 30, yellow light-emitting layer 50y
is in contact with red light-emitting layer 50r, blue light-
emitting layer 506 is in contact with yellow light-emitting
layer 50y, and green light-emitting layer 50g is in contact
with blue light-emitting layer 505. This is an energetically
favorable order. Excitons in blue light-emitting layer 505
can move to green light-emitting layer 50g or to yellow
light-emitting layer 50y. Excitons in yellow light-emitting
layer 50y can move to red light-emitting layer 50r. Of
course, excitons in any layer can cause emission of light
from that layer, and by varying the thicknesses of the
different layers, one skilled in the art can tune the device for
the desired emission. Since in this particular embodiment,
vellow light-emitting layer 50y serves as both a light-
emitting layer and a layer for transporting excitons to red
light-emitting layer 507, it is necessary that it be thinner than
light-emitting layers commonly used in the art for OLED
devices. Desirably, yellow light-emitting layer 50y has a
thickness greater than 0.5 nm and less than 5 nm. If yellow
light-emitting layer 50y is less than 0.5 nm, the emission
from this layer is minimal and the device therefore would
not show the beneficial efficiency increase. If yellow light-
emitting layer 50y is greater than 5 nm, very few excitons
will reach red light-emitting layer 507, and therefore emis-
sion in the red region of the spectrum will be less than
optimum.

[0030] Turning now to FIG. 25, there is shown a cross-
sectional view of another embodiment of arrangement of the
light-emitting layers in OLED device 10 in accordance with
this invention. In this arrangement, red light-emitting layer
507 is formed closest to anode 30, yellow light-emitting
layer 50y has a thickness greater than 0.5 nm and less than
5 nm and is in contact with red light-emitting layer 50z,
green light-emitting layer 50g is in contact with yellow
light-emitting layer 50y, and blue light-emitting layer 505 is
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in contact with green light-emitting layer 50g. In this
embodiment, green light-emitting layer 50g serves as both
an intermediate layer for transferring excitons and an emit-
ting layer. Therefore, its thickness must be selected to
balance the two functions, as was described in FIG. 2a for
yellow light-emitting layer 50y. For green light-emitting
layer 50g as an intermediate layer, it desirably has a thick-
ness greater than 0.5 nm and less than 20 nm.

[0031] Turning now to FIG. 2c, there is shown a cross-
sectional view of another embodiment of arrangement of the
light-emitting layers in OLED device 10 in accordance with
this invention. In this arrangement, red light-emitting layer
507 is formed closest to anode 30, blue light-emitting layer
504 is in contact with red light-emitting layer 50, green
light-emitting layer 50g has a thickness greater than 0.5 nm
and less than 20 nm and is in contact with blue light-emitting
layer 506, and yellow light-emitting layer 50y is in contact
with green light-emitting layer 50g.

[0032] Turning now to FIG. 2d, there is shown a cross-
sectional view of another embodiment of arrangement of the
light-emitting layers in OLED device 10 in accordance with
this invention. In this arrangement, red light-emitting layer
50~ is formed closest to anode 30, green light-emitting layer
50g has a thickness greater than 0.5 nm and less than 20 nm
and is in contact with red light-emitting layer 507, blue
light-emitting layer 505 is in contact with green light-
emitting layer 50g, and yellow light-emitting layer 50y is in
contact with blue light-emitting layer 505.

[0033] Turning now to FIG. 2e, there is shown a cross-
sectional view of another embodiment of arrangement of the
light-emitting layers in OLED device 10 in accordance with
this invention. In this arrangement, yellow light-emitting
layer 50y is formed closest to anode 30, blue light-emitting
layer 505 is in contact with yellow light-emitting layer 50y,
green light-emitting layer 50g has a thickness greater than
0.5 nm and less than 20 nm and is in contact with blue
light-emitting layer 505, and red light-emitting layer 507 is
in contact with green light-emitting layer 50g.

[0034] Turning now to FIG. 2f, there is shown a cross-
sectional view of another embodiment of arrangement of the
light-emitting layers in OLED device 10 in accordance with
this invention. In this arrangement, yellow light-emitting
layer 50y is formed closest to anode 30, green light-emitting
layer 50g has a thickness greater than 0.5 nm and less than
20 nm and is in contact with yellow light-emitting layer 50y,
blue light-emitting layer 504 is in contact with green light-
emitting layer 50g, and red light-emitting layer 507 is in
contact with blue light-emitting layer 505.

[0035] Turning now to FIG. 2g, there is shown a cross-
sectional view of another embodiment of arrangement of the
light-emitting layers in OLED device 10 in accordance with
this invention. In this arrangement, green light-emitting
layer 50g is formed closest to anode 30, blue light-emitting
layer 506 is in contact with green light-emitting layer 50g,
yellow light-emitting layer 50y has a thickness greater than
0.5 nm and less than 5 nm and is in contact with blue
light-emitting layer 505, and red light-emitting layer 507 is
in contact with yellow light-emitting layer 50y.

[0036] Turning now to FIG. 24, there is shown a cross-
sectional view of another embodiment of arrangement of the
light-emitting layers in OLED device 10 in accordance with
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this invention. In this arrangement, blue light-emitting layer
504 is formed closest to anode 30, green light-emitting layer
50g has a thickness of greater than 0.5 nm and less than 20
nm and is in contact with blue light-emitting layer 505,
yellow light-emitting layer 50y has a thickness greater than
0.5 nm and less than 5 nm and is in contact with green
light-emitting layer 50g, and red light-emitting layer 507 is
in contact with yellow light-emitting layer 50y.

[0037] Turning now to FIG. 3, there is shown a cross-
sectional view of an OLED display 15 according to another
embodiment of this invention. This embodiment is similar to
the previous embodiment, but it comprises an array of first,
second, third, and fourth light-emitting pixels 5, 5g, 56, and
Sw, respectively. Pixel 57 is a red light-emitting pixel, pixel
5g is a green light-emitting pixel, pixel 55 is a blue light-
emitting pixel, and pixel Sw is a white light-emitting pixel.
Each pixel has an anode (e.g. anodes 307, 30g, 305, and
30w), a cathode (e.g. cathode 90, which in this embodiment
is a common cathode shared by all pixels of the array), and
at least four light-emitting layers 50.1, 50.2. 50.3, and 50.4
provided between the anode and the cathode: a red light-
emitting layer, a yellow light-emitting layer, a blue light-
emitting layer, and a green light-emitting layer. Each of the
light-emitting layers 50.1, 50.2, 50.3, and 50.4 produces a
different emission spectrum when current passes between
the anode and the cathode. These emission spectra combine
to form white light. The order of the light-emitting layers can
be any of those described above in FIG. 2a through FIG. 24,
according to the criteria described above for OLED device
10.

[0038] OLED display 15 further includes an array of at
least three different color filters, e.g. 257, 25g, and 255, in
operative association with the first, second, and third light-
emitting pixels 5», 5g, and 55, respectively. Such filters are
selected to receive white light to produce different colored
light. OLED display 15 in this embodiment is bottom-
emitting. Red color filter 25 is in operative association with
the first light-emitting pixel 5# to receive white light 97 from
light-emitting layers 50.1 through 50.4 and produce red light
97r. Green color filter 25g is in operative association with
the second light-emitting pixel 5g to receive white light 97
from the light-emitting layers and produce green light 97g.
Blue color filter 255 is in operative association with the third
light-emitting pixel 55 to receive white light 97 from the
light-emitting layers and produce blue light 975. Light-
emitting pixel Sw does not have a color filter, and therefore
produces white light 97w to a viewer.

[0039] OLED device layers that can be used in this
invention have been well described in the art, and OLED
device 10, OLED display 15, and other such devices
described herein can include layers commonly used for such
devices. A bottom electrode is formed over OLED substrate
20 and is most commonly configured as an anode 30,
although the practice of this invention is not limited to this
configuration. Example conductors for this application
include, but are not limited to, gold, iridium, molybdenum,
palladium, platinum, aluminum or silver. Desired anode
materials can be deposited by any suitable means such as
evaporation, sputtering, chemical vapor deposition, or elec-
trochemical means. Anode materials can be patterned using
well-known photolithographic processes.

[0040] While not always necessary, it is often useful that
a hole-transporting layer 40 be formed and disposed over the
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anode. Desired hole-transporting materials can be deposited
by any suitable means such as evaporation, sputtering,
chemical vapor deposition, electrochemical means, thermal
transfer, or laser thermal transfer from a donor material.
Hole-transporting materials useful in hole-transporting lay-
ers are well known to include compounds such as an
aromatic tertiary amine, where the latter is understood to be
a compound containing at least one trivalent nitrogen atom
that is bonded only to carbon atoms, at least one of which is
a member of an aromatic ring. In one form the aromatic
tertiary amine can be an arylamine, such as a monoary-
lamine, diarylamine, triarylamine, or a polymeric arylamine.
Exemplary monomeric triarylamines are illustrated by
Klupfel et al. in U.S. Pat. No. 3,180,730. Other suitable
triarylamines substituted with one or more vinyl radicals
and/or comprising at least one active hydrogen-containing
group are disclosed by Brantley et al. in U.S. Pat. Nos.
3,567.450 and 3,658,520.

[0041] A more preferred class of aromatic tertiary amines
are those which include at least two aromatic tertiary amine
moieties as described in U.S. Pat. Nos. 4,720,432 and
5,061,569. Such compounds include those represented by
structural Formula A.

Q Q
I\G/ 2

wherein:

[0042] Q, and Q, are independently selected aromatic
tertiary amine moieties; and

[0043] G is a linking group such as an arylene,
cycloalkylene, or alkylene group of a carbon to carbon
bond.

[0044] In one embodiment, at least one of Q1 or Q2
contains a polycyclic fused ring structure, e.g., a naphtha-
lene. When G is an aryl group, it is conveniently a phe-
nylene, biphenylene, or naphthalene moiety.

[0045] Awuseful class of triarylamines satisfying structural
Formula A and containing two triarylamine moieties is
represented by structural Formula B.

B
R,
R— é— R;
]
where:
[0046] R, and R, each independently represent a hydro-

gen atom, an aryl group, or an alkyl group or R, and R,
together represent the atoms completing a cycloalkyl
group; and

[0047] R, and R, each independently represent an aryl
group, which is in turn substituted with a diaryl sub-
stituted amino group, as indicated by structural For-
mula C.
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Rs
\
N_

R¢

wherein R and R are independently selected aryl groups.
In one embodiment, at least one of Ry or R contains a
polycyclic fused ring structure, e.g., a naphthalene.

[0048] Another class of aromatic tertiary amines are the
tetraaryldiamines. Desirable tetraaryldiamines include two
diarylamino groups, such as indicated by Formula C, linked
through an arylene group. Useful tetraaryldiamines include
those represented by Formula D.

D
R R
7\N—fAr ﬁ—\l/ 8
(5} R
/ A
Ar Ro

wherein:

each Are is an independently selected arylene
0049 h Are i independently selected aryl
group, such as a phenylene or anthracene moiety;

[0050]

0051] Ar, R,, Rq, and R, are independently selected
7 8 9
aryl groups.

[0052] Inatypical embodiment, at least one of Ar, R, Ry,
and R, is a polycyclic fused ring structure, e.g., a naphtha-
lene.

[0053] The various alkyl, alkylene, aryl, and arylene moi-
eties of the foregoing structural Formulae A, B, C, and D can
each in turn be substituted. Typical substituents include alkyl
groups, alkoxy groups, aryl groups, aryloxy groups, and
halogens such as fluoride, chloride, and bromide. The vari-
ous alkyl and alkylene moieties typically contain from 1 to
about 6 carbon atoms. The cycloalkyl moieties can contain
from 3 to about 10 carbon atoms, but typically contain five,
six, or seven carbon atoms—e.g., cyclopentyl, cyclohexyl,
and cyclohepty! ring structures. The aryl and arylene moi-
eties are usually phenyl and phenylene moieties.

[0054] The hole-transporting layer in an OLED device can
be formed of a single or a mixture of aromatic tertiary amine
compounds. Specifically, one can employ a triarylamine,
such as a triarylamine satisfying the Formula B, in combi-
nation with a tetraaryldiamine, such as indicated by Formula
D. When a triarylamine is employed in combination with a
tetraaryldiamine, the latter is positioned as a layer interposed
between the triarylamine and the electron-injecting and
transporting layer.

[0055] Another class of useful hole-transporting materials
includes polycyclic aromatic compounds as described in EP
1 009 041. In addition, polymeric hole-transporting materi-
als can be used such as poly(N-vinylcarbazole) (PVK),
polythiophenes, polypyrrole, polyaniline, and copolymers

n is an integer of from 1 to 4; and
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such as poly(3,4-ethylenedioxythiophene)/poly(4-styrene-
sulfonate), also called PEDOT/PSS.

[0056] Light-emitting layers produce light in response to
hole-electron recombination. The light-emitting layers are
commonly disposed over the hole-transporting layer.
Desired organic light-emitting materials can be deposited by
any suitable means such as evaporation, sputtering, chemical
vapor deposition, electrochemical means, or radiation ther-
mal transfer from a donor material. Useful organic light-
emitting materials are well known. As more fully described
in U.S. Pat. Nos. 4,769,292 and 5,935,721, the light-emitting
layers of the OLED element comprise a luminescent or
fluorescent material where electroluminescence is produced
as a result of electron-hole pair recombination in this region.
The light-emitting layers can be comprised of a single
material, but more commonly include a host material doped
with a guest compound or dopant where light emission
comes primarily from the dopant. The dopant is selected to
produce color light having a particular spectrum. The host
materials in the light-emitting layers can be an electron-
transporting material, as defined below, a hole-transporting
material, as defined above, or another material that supports
hole-electron recombination. The dopant is usually chosen
from highly fluorescent dyes, but phosphorescent com-
pounds, e.g., transition metal complexes as described in WO
98/55561, WO 00/18851, WO 00/57676, and WO 00/70655
are also useful. Dopants are typically coated as 0.01 to 10%
by weight into the host material. Host and emitting mol-
ecules known to be of use include, but are not limited to,
those disclosed in U.S. Pat. Nos. 4,768,292, 5,141,671,
5,150,006; 5,151,629; 5,294,870; 5,405,709; 5,484,922;
5,593,788; 5,645,948; 5,683,823; 5,755,999; 5,928,802;
5,935,720, 5,935,721; and 6,020,078.

[0057] Metal complexes of 8-hydroxyquinoline and simi-
lar derivatives (Formula E) constitute one class of useful
host materials capable of supporting electroluminescence,
and are particularly suitable for light emission of wave-
lengths longer than 500 nm, e.g., green, yellow, orange, and
red.

0-

\_/

\_/

n n

wherein:
[0058] M represents a metal;
[0059] n is an integer of from 1 to 3; and
[0060] Z independently in each occurrence represents

the atoms completing a nucleus having at least two
fused aromatic rings.

[0061] From the foregoing it is apparent that the metal can
be a monovalent, divalent, or trivalent metal. The metal can,
for example, be an alkali metal, such as lithium, sodium, or
potassium; an alkaline earth metal, such as magnesium or
calcium; or an earth metal, such as boron or aluminum.
Generally any monovalent, divalent, or trivalent metal
known to be a useful chelating metal can be employed.
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[0062] Z completes a heterocyclic nucleus containing at
least two fused aromatic rings, at least one of which is an
azole or azine ring. Additional rings, including both aliphatic
and aromatic rings, can be fused with the two required rings,
if required. To avoid adding molecular bulk without improv-
ing on function the number of ring atoms is usually main-
tained at 18 or less.

[0063]
an anthracene derivative having hydrocarbon or substituted

The host material in the light-emitting layers can be

hydrocarbon substituents at the 9 and 10 positions. For
example, derivatives of 9,10-di-(2-naphthyl)anthracene con-
stitute one class of useful host materials capable of support-
ing electroluminescence, and are particularly suitable for
light emission of wavelengths longer than 400 nm, e.g., blue,
green, yellow, orange or red.

[0064]
useful host materials capable of supporting electrolumines-

Benzazole derivatives constitute another class of

cence, and are particularly suitable for light emission of
wavelengths longer than 400 nm, e.g., blue, green, yellow,
orange or red. An example of a useful benzazole is 2,2',2"-
(1,3,5-phenylene)tris[ 1 -phenyl- 1H-benzimidazole].

[0065]
diindenoperylene compound of the following structure F:

The red-light-emitting compound can include a

wherein:;

[0066]
or substituents that include alkyl groups of from 1 to 24
carbon atoms; aryl or substituted aryl groups of from 5

X,-X,¢ are independently selected as hydrogen

to 20 carbon atoms; hydrocarbon groups containing 4
to 24 carbon atoms that complete one or more fused
aromatic rings or ring systems; or halogen, provided
that the substituents are selected to provide an emission
maximum between 560 nm and 640 nm.

[0067]
class are shown by Hatwar et al. in US Publication No.
2005/0249972, the contents of which are incorporated by
reference.

Illustrative examples of useful red dopants of this
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[0068] Other red dopants useful in the present invention
belong to the DCM class of dyes represented by Formula G:

(Formula G)
NC CN

Y4 0

Y3

Y
N 7

Ys Y

wherein Y,-Y represent one or more groups independently
selected from: hydro, alkyl, substituted alkyl, aryl, or sub-
stituted aryl; Y,-Y independently include acyclic groups or
can be joined pairwise to form one or more fused rings;
provided that Y5 and Y do not together form a fused ring.

[0069] In a useful and convenient embodiment that pro-
vides red luminescence, Y,-Y5 are selected independently
from: hydro, alkyl and aryl. Structures of particularly useful
dopants of the DCM class are shown by Ricks et al. in U.S.
Patent Publication No. 2005/0181232, the contents of which
are incorporated by reference.

[0070] A light-emitting yellow dopant can include a com-
pound of the following structures:
H1
H2
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wherein A -A and A'-A,' represent one or more substitu-
ents on each ring and where each substituent is individually
selected from one of the following:

[0071] Category 1: hydrogen, or alkyl of from 1 to 24
carbon atoms;

[0072] Category 2: aryl or substituted aryl of from 5 to
20 carbon atoms;

[0073] Category 3: hydrocarbon containing 4 to 24
carbon atoms, completing a fused aromatic ring or ring
system;

[0074] Category 4: heteroaryl or substituted heteroaryl
of from 5 to 24 carbon atoms such as thiazolyl, furyl,
thienyl, pyridyl, quinolinyl or other heterocyclic sys-
tems, which are bonded via a single bond, or complete
a fused heteroaromatic ring system;

[0075] Category 5: alkoxylamino, alkylamino, or ary-
lamino of from 1 to 24 carbon atoms; or

[0076] Category 6: fluoro, chloro, bromo or cyano.

[0077] Examples of particularly useful yellow dopants are
shown by Ricks et al.

[0078] The green-light-emitting compound can include a
quinacridone compound of the following structure:

Ryp O Ry R R;
|
R N Ry
R% Il\l Rs
Ry R, Rpp (6} R¢

wherein substituent groups R1 and R2 are independently
alkyl, alkoxyl, aryl, or heteroaryl; and substituent groups R3
through R12 are independently hydrogen, alkyl, alkoxyl,
halogen, aryl, or heteroaryl, and adjacent substituent groups
R3 through R10 can optionally be connected to form one or
more ring systems, including fused aromatic and fused
heteroaromatic rings, provided that the substituents are
selected to provide an emission maximum between 510 nm
and 540 nm, and a full width at half maximum of 40 nm or
less. Alkyl, alkoxyl, aryl, heteroaryl, fused aromatic ring and
fused heteroaromatic ring substituent groups can be further
substituted. Conveniently, R1 and R2 are aryl, and R2
through R12 are hydrogen, or substituent groups that are
more electron withdrawing than methyl. Some examples of
useful quinacridones include those disclosed in U.S. Pat. No.
5,593,788 and in US2004/0001969A1.
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[0079] The green-light-emitting compound can include a
coumarin compound of the following structure:

Ry

R,

[0080] wherein X is O or S; R', R*, R*® and R® can
individually be hydrogen, alkyl, or aryl; R* and R® can
individually be alkyl or aryl; or where either R* and R?, or
R and R, or both together represent the atoms completing
a cycloalkyl group; provided that the substituents are
selected to provide an emission maximum between 510 nm
and 540 nm, and a full width at half maximum of 40 nm or
less.

[0081] Examples of useful green dopants are disclosed by
Hatwar et al. in U.S. Patent Publication No. 2005/0181232.

[0082] The blue-light-emitting dopant can include
perylene or derivatives thereof, or a bis(azinyl)azene boron
complex compound of the structure L:

N 4.
%/ \r RN ’%3:
(X®,—n A= X
N N '

4
N

|

NG AN NP
1 B 1’

/
7 \zb
wherein:
[0083] A and A' represent independent azine ring sys-

tems corresponding to 6-membered aromatic ring sys-
tems containing at least one nitrogen;

[0084] (X%), and (X),, represent one or more indepen-
dently selected substituents and include acyclic sub-
stituents or are joined to form a ring fused to A or A",

[0085] m and n are independently O to 4;

[0086] Z* and Z" are independently selected substitu-
ents;

[0087] 1,2, 3,4, 1,2, 3" and 4' are independently

selected as either carbon or nitrogen atoms; and

[0088] provided that X*, X°, Z* and Z°,1,2,3, 4, 1", 2,
3, and 4' are selected to provide blue luminescence.

[0089] Some examples of the above class of dopants are
disclosed by Ricks et al.

[0090] Particularly useful blue dopants of the perylene
class include perylene and tetra-t-butylperylene (TBP).

[0091] Another particularly useful class of blue dopants in
this invention includes blue-emitting derivatives of such
distyrylarenes as distyrylbenzene and distyrylbiphenyl,
including compounds described in U.S. Pat. No. 5,121,029.
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Among derivatives of distyrylarenes that provide blue lumi-
nescence, particularly useful are those substituted with dia-
rylamino groups, also known as distyrylamines. Examples
include bis[ 2-[4-[N,N-diarylamino Jphenyl]vinyl]-benzenes
of the general structure M1 shown below:

M1
X ' A |/\—X2
I F N/\/
a
A
N

a

N

AN NS
LT T
N N

and bis[2-[4-[N,N-diarylamino Jphenyl]vinyl Jbiphenyls of
the general structure M2 shown below:

N N
X1_| -—X
Va Vs

M2
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-continued
NN
X I_X4
X N

[0092] InFormulas M1and M2, X,-X, can be the same or
different, and individually represent one or more substitu-
ents such as alkyl, aryl, fused aryl, halo, or cyaNo. In a
preferred embodiment, X, -X, are individually alkyl groups,
each containing from one to about ten carbon atoms. A
particularly preferred blue dopant of this class is disclosed
by Ricks et al.

[0093] While not always necessary, it is often useful to
include an electron-transporting layer 55 disposed over the
light-emitting layers. Desired electron-transporting materi-
als can be deposited by any suitable means such as evapo-
ration, sputtering, chemical vapor deposition, electrochemi-
cal means, thermal transfer, or laser thermal transfer from a
donor material. Preferred electron-transporting materials for
use in the electron-transporting layer are metal chelated
oxinoid compounds, including chelates of oxine itself (also
commonly referred to as 8-quinolinol or 8-hydroxyquino-
line). Such compounds help to inject and transport electrons
and exhibit both high levels of performance and are readily
fabricated in the form of thin films. Exemplary of contem-
plated oxinoid compounds are those satisfying structural
Formula E, previously described.

[0094] Other electron-transporting materials include vari-
ous butadiene derivatives as disclosed in U.S. Pat. No.
4,356,429 and various heterocyclic optical brighteners as
described in U.S. Pat. No. 4,539,507. Certain benzazoles are
also useful electron-transporting materials. Other electron-
transporting materials can be polymeric substances, e.g.
polyphenylenevinylene derivatives, poly-para-phenylene
derivatives, polyfluorene derivatives, polythiophenes, poly-
acetylenes, and other conductive polymeric organic materi-
als known in the art.

[0095] An upper electrode most commonly configured as
a cathode 90 is formed over the electron-transporting layer,
or over the light-emitting layers if an electron-transporting
layer 1s not used. If the device is top-emitting, the electrode
must be transparent or nearly transparent. For such appli-
cations, metals must be thin (preferably less than 25 nm) or
one must use transparent conductive oxides (e.g. indium-tin
oxide, indium-zinc oxide), or a combination of these mate-
rials. Optically transparent cathodes have been described in
more detail in U.S. Pat. No. 5,776,623. Cathode materials
can be deposited by evaporation, sputtering, or chemical
vapor deposition. When needed, patterning can be achieved
through many well known methods including, but not lim-
ited to, through-mask deposition, integral shadow masking
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as described in U.S. Pat. No. 5,276,380 and EP 0 732 868,
laser ablation, and selective chemical vapor deposition.

[0096] OLED device 10 can include other layers as well.
For example, a hole-injecting layer 35 can be formed over
the anode, as described in U.S. Pat. No. 4,720,432, U.S. Pat.
No. 6,208,075, EP 0 891 121 Al, and EP 1 029 909 Al. An
electron-injecting layer 60, such as alkaline or alkaline earth
metals, alkali halide salts, or alkaline or alkaline earth metal
doped organic layers, can also be present between the
cathode and the electron-transporting layer.

[0097] Turning now to FIG. 4, there is shown a cross-
sectional view of a pixel of a tandem white-light-emitting
OLED device 80 according to another embodiment of the
present invention. Tandem OLED devices have previously
been disclosed by Jones et al. in U.S. Pat. No. 6,337,492,
Tanaka et al. in U.S. Pat. No. 6,107,734, Kido et al. in JP
Patent Publication 2003/045676A and in U.S. Patent Publi-
cation 2003/0189401 Al, and Liao et al. in U.S. Pat. No.
6,717,358 and U.S. Patent Application Publication 2003/
0170491 Al. OLED device 80 includes a substrate 20, a
spaced anode and cathode 90, and at least two white
light-emitting units 75 and 85 disposed between the elec-
trodes. White light-emitting units 75 and 85 produce emis-
sion spectra corresponding to white light. Each white light-
emitting unit has four light-emitting layers: light-emitting
layers 50.1, 50.2, 50.3, and 50.4 for white light-emitting unit
75, and light-emitting layers 51.1, 51.2, 51.3, and 51.4 for
white light-emitting unit 85. Fach light-emitting unit
includes a red light-emitting layer, a yellow light-emitting
layer, a blue light-emitting layer, and a green light-emitting
layer. Each of the light-emitting layers of a given white
light-emitting unit produces a different emission spectrum
when current passes between anode 30 and cathode 90.
These emission spectra combine to form white light. White
light-emitting units 75 and 85 can have the structure of any
of those described in FIG. 2a through FIG. 2/, according to
the criteria described above for OLED device 10. White
light-emitting units 75 and 85 can have the same order of
light-emitting layers, or can have different orders. For
example, one embodiment of tandem OLED device 80 can
have the structure wherein both white light-emitting units 75
and 85 have the same layer order, e.g. that of FIG. 25. A
different embodiment of tandem OLED device 80 can have
the structure wherein white light-emitting unit 75 has a layer
order of, e.g. that of FIG. 2a, while white light-emitting unit
85 has a different layer order, e.g. that of FIG. 2e. Further,
the light-emitting layers used can be the same or different
(e.g. white light-emitting units 75 and 85 can have red
light-emitting layers of the same or different composition,
etc.)

[0098] Tandem OLED device 80 further includes an inter-
mediate connector 95 disposed between white light-emitting
units 75 and 85. The intermediate connector provides effec-
tive carrier injection into the adjacent EL. units. Metals,
metal compounds, or other inorganic compounds are effec-
tive for carrier injection. However, such materials often have
low resistivity, which can result in pixel crosstalk. Also, the
optical transparency of the layers constituting the interme-
diate connector should be as high as possible to permit for
radiation produced in the EL units to exit the device.
Therefore, it is often preferred to use mainly organic mate-
rials in the intermediate connector. Intermediate connector
95 and materials used in its construction have been
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described in detail by Hatwar et al. in U.S. patent application
Ser. No. 11/170,681. Some further non-limiting examples of
intermediate connectors are described in U.S. Pat. Nos.
6,717,358 and 6,872,472, and U.S. Patent Application Pub-
lication 2004/0227460 Al.

[0099] Turning now to FIG. 6, there is shown an emission
spectrum 150 of a tandem OLED device as shown in FIG.
4. For comparison, spectrum 140 shows a single-stack
OLED device with four light-emitting layers as described
herein. While both have good emission across much of the
visible spectrum the tandem OLED device shows greater
radiance.

[0100] The invention and its advantages can be better
appreciated by the following comparative examples. The
layers described as vacuum-deposited were deposited by
evaporation from heated boats under a vacuum of approxi-
mately 107° Torr. After deposition of the OLED layers each
device was then transferred to a dry box for encapsulation.
The OLED has an emission area of 10 mm”. The devices
were tested by applying a current of 20 mA/cm® across
electrodes. The performance of the devices is given in Table
1. The color gamut for each device was calculated relative
to the aim NTSC red, green, and blue color coordinates as
measured in CIEx,y space.

EXAMPLE 1

Comparative Two-Layer

[0101] A comparative color OLED display was con-
structed in the following manner:

[0102] 1. A clean glass substrate was deposited by
sputtering with indium tin oxide (ITO) to form a
transparent electrode of 85 nm thickness.

[0103] 2. The above-prepared ITO surface was treated
with a plasma oxygen etch.

[0104] 3. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of hexacy-
anohexaazatriphenylene (CHATP) as a hole-injecting
layer (HIL).

CHATP
NC CN

)~

N\ /N

NC \

NC CN

[0105] 4. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of 4,4'-bis
[N-(1-naphthyl)-N-phenylamino]biphenyl (NPB) as a
hole-transporting layer (HTL).

[0106] 5. The above-prepared substrate was further
treated by vacuum-depositing a 20 nm yellow light-
emitting layer including 14 nm NPB (as host) and 6 nm
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9,10-bis(2-naphthyl)anthracene (ADN) as a stabilizer
with 2% yellow-orange emitting dopant diphenyltetra-
t-butylrubrene (PTBR).

PTBR
t-Bu

Ph
h OOOO
t-Bu.

t-Bu Ph

[0107] 6. The above-prepared substrate was further
treated by vacuum-depositing a 20 nm blue light-
emitting layer including 18.4 nm 9-(2-naphthy1)-10-(4-
biphenyl)anthracene (BNA) host and 1.4 nm NPB
cohost with 1% BEP as blue-emitting dopant.

BEP

[0108]
was vacuum-deposited, including 200 nm 4,7-diphe-
nyl-1,10-phenanthroline (also known as bathophen or
Bphen), 200 nm tris(8-quinolinolato)aluminum (I1I)
(ALQ) as co-host, with 2% Li metal.

7. A 40 nm mixed electron-transporting layer

[0109] 8. A 100 nm layer of aluminum was evapora-
tively deposited onto the substrate to form a cathode
layer.

EXAMPLE 2

Comparative Three-Layer

[0110] A comparative color OLED display was con-
structed in the following manner:

[0111] 1. A clean glass substrate was deposited by
sputtering with ITO to form a transparent electrode of
60 nm thickness.

[0112] 2. The above-prepared ITO surface was treated
with a plasma oxygen etch.
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[0113] 3. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of CHATP
as a hole-injecting layer (HIL).

[0114] 4. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of NPB as
a hole-transporting layer (HTL).

[0115] 5. The above-prepared substrate was further
treated by vacuum-depositing a 20 nm red light-emit-
ting layer including 14 nm of NPB and 6 nm BNA as
a stabilizer doped with 0.5% dibenzo {[f,(']-4,4'7,7-
tetraphenyl]diindeno-[1,2,3-cd:1',2',3'-Imperylene
(TPDBP) as a red emitting dopant.

[0116] 6. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm blue light-
emitting layer including 14 nm BNA host and 1 nm
NPB cohost with 1% BEP as blue-emitting dopant.

[0117] 7. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm green light-
emitting layer including 14 nm BNA, 1 nm NPB, and
0.5% diphenylquinacridone (DPQ) as green emitting
dopant.

[0118] 8. A 40 nm mixed electron-transporting layer
was vacuum-deposited, including 200 nm Bphen, 200
nm tris(8-quinolinolato)aluminum (1II) (ALQ) as co-
host, with 2% Li metal.

[0119] 9. A 100 nm layer of aluminum was evapora-
tively deposited onto the substrate to form a cathode
layer.

EXAMPLE 3

Inventive

[0120] An inventive color OLED display was constructed
in the following manner:

[0121] 1. A clean glass substrate was deposited by
sputtering with ITO to form a transparent electrode of
60 nm thickness.

[0122] 2. The above-prepared ITO surface was treated
with a plasma oxygen etch.

[0123] 3. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of CHATP
as a hole-injecting layer (HIL).

[0124] 4. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of NPB as
a hole-transporting layer (HTL).

[0125] 5. The above-prepared substrate was further
treated by vacuum-depositing a 18 nm red light-emit-
ting layer including 12.6 nm of NPB and 5.4 nm BNA
as a stabilizer doped with 0.5% TPDBP as a red
emitting dopant.

[0126] 6. The above-prepared substrate was further
treated by vacuum-depositing a 2 nm yellow light-
emitting layer including 1.4 nm NPB (as host) and 0.6
nm ADN as a stabilizer with 3% yellow-orange emit-
ting dopant PTBR.

[0127] 7. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm blue light-
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emitting layer including 14 nm BNA host and 1 nm
NPB cohost with 1% BEP as blue-emitting dopant.

[0128] 8. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm green light-
emitting layer including 14 nm BNA, 1 nm NPB, and
0.5% DPQ as green emitting dopant.

[0129] 9. A 40 nm mixed electron-transporting layer
was vacuum-deposited, including 200 nm Bphen, 200
nm ALQ as co-host, with 2% Li metal.

[0130] 10. A 100 nm layer of aluminum was evapora-
tively deposited onto the substrate to form a cathode
layer.

EXAMPLE 4

Inventive

[0131] An inventive color OLED display was constructed
in the following manner:

[0132] 1. A clean glass substrate was deposited by
sputtering with ITO to form a transparent electrode of
60 nm thickness.

[0133] 2. The above-prepared ITO surface was treated
with a plasma oxygen etch.

[0134] 3. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of CHATP
as a hole-injecting layer (HIL).

[0135] 4. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of NPB as
a hole-transporting layer (HTL).

[0136] 5. The above-prepared substrate was further
treated by vacuum-depositing a 16 nm red light-emit-
ting layer including 11.2 nm of NPB and 4.8 nm BNA
as a stabilizer doped with 0.5% TPDBP as a red
emitting dopant.

[0137] 6. The above-prepared substrate was further
treated by vacuum-depositing a 4 nm yellow light-
emitting layer including 2.8 nm NPB (as host) and 1.2
nm ADN as a stabilizer with 3% yellow-orange emit-
ting dopant PTBR.

[0138] 7. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm blue light-
emitting layer including 14 nm BNA host and 1 nm
NPB cohost with 1% BEP as blue-emitting dopant.

[0139] 8. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm green light-
emitting layer including 14 nm BNA, 1 nm NPB, and
0.5% DPQ as green emitting dopant.

[0140] 9. A 40 nm mixed electron-transporting layer
was vacuum-deposited, including 200 nm Bphen, 200
nm ALQ as co-host, with 2% Li metal.

[0141] 10. A 100 nm layer of aluminum was evapora-
tively deposited onto the substrate to form a cathode
layer.

EXAMPLE 5

[nventive
[0142] An inventive color OLED display was constructed
in the following manner:

[0143] 1. A clean glass substrate was deposited by
sputtering with ITO to form a transparent electrode of
60 nm thickness.
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[0144] 2. The above-prepared ITO surface was treated
with a plasma oxygen etch.

[0145] 3. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of CHATP
as a hole-injecting layer (HIL).

[0146] 4. The above-prepared substrate was further
treated by vacuum-depositing a 21 nm red light-emit-
ting layer including 14 nm of NPB and 6 nm BNA as
a stabilizer doped with 0.5% TPDBP as a red emitting
dopant.

[0147] 5. The above-prepared substrate was further
treated by vacuum-depositing a 3 nm yellow light-
emitting layer including 2 nm NPB (as host) and 1 nm
ADN as a stabilizer with 2% yellow-orange emitting
dopant PTBR.

[0148] 6. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm blue light-
emitting layer including 14.5 nm BNA host and 0.5 nm
NPB cohost with 1% BEP as blue-emitting dopant.

[0149] 7. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm green light-
emitting layer including 14.5 nm BNA, 0.5 nm NPB,
and 0.5% DPQ as green emitting dopant.

[0150] 8. A 40 nm mixed electron-transporting layer
was vacuum-deposited, including 200 nm Bphen, 200
nm ALQ as co-host, with 2% Li metal.

[0151] 9. A 100 nm layer of aluminum was evapora-
tively deposited onto the substrate to form a cathode
layer.

EXAMPLE 6

Inventive Tandem Device

[0152] An inventive color OLED display was constructed
in the following manner:

[0153] 1. A clean glass substrate was deposited by
sputtering with ITO to form a transparent electrode of
60 nm thickness.

[0154] 2. The above-prepared ITO surface was treated
with a plasma oxygen etch.

[0155] 3. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of CHATP
as a hole-injecting layer (HIL).

[0156] 4. The above-prepared substrate was further
treated by vacuum-depositing a 21 nm red light-emit-
ting layer including 14 nm of NPB and 6 nm BNA as
a stabilizer doped with 0.5% TPDBP as a red emitting
dopant.

[0157] 5. The above-prepared substrate was further
treated by vacuum-depositing a 3 nm yellow light-
emitting layer including 2 nm NPB (as host) and 1 nm
ADN as a stabilizer with 2% yellow-orange emitting
dopant PTBR.
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[0158] 6. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm blue light-
emitting layer including 14.5 nm BNA host and 0.5 nm
NPB cohost with 1% BEP as blue-emitting dopant.

[0159] 7. The above-prepared substrate was further
treated by vacuum-depositing a 15 nm green light-
emitting layer including 14.5 nm BNA, 0.5 nm NPB,
and 0.5% DPQ as green emitting dopant.

[0160] 8. A 40 nm n-type doped organic layer was
vacuum-deposited, including 200 nm Bphen, 200 nm
ALQ as co-host, and 2% Li metal.

[0161] 9. The above-prepared substrate was further
treated by vacuum-depositing a 10 nm layer of CHATP
as a p-type doped organic layer (HIL).

[0162] 10. The above-prepared substrate was further
treated by vacuum-depositing a 30 nm layer of NPB as
a hole-transporting layer (HTL).

[0163] 11. The above-prepared substrate was further
treated by vacuum-depositing a 21 nm red light-emit-
ting layer including 14 nm of NPB and 6 nm BNA as
a stabilizer doped with 0.5% TPDBP as a red emitting
dopant.
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[0168] 16. A 100 nm layer of aluminum was evapora-
tively deposited onto the substrate to form a cathode
layer.

[0169] The results of testing these examples are shown in
Table 1, below. Comparative Examples 1 and 2 show that it
is difficult to achieve both efficiency and effective color
gamut. Example 1 has good efficiency but low color gamut.
Bxample 2 has effective color gamut, but both luminance
and power efficiencies are degraded relative to Example 1.
In addition, Example 2 is an example of a broadband that is
far from D65 white.

[0170] Inthe present invention, improved efficiency, white
point, and color gamut are achieved by a four-layer emitting
structure, including red-, yellow-, green-, and blue-light-
emitting layers, as shown by Examples 3 to 5. Further
improvements in efficiency are possible by using this struc-
ture in a tandem device, as in Example 6.

[0171] The invention has been described in detail with
particular reference to certain preferred embodiments
thereof, but it will be understood that variations and modi-
fications can be effected within the spirit and scope of the
invention.

TABLE 1

Device data measured at 20 mA/cm?®

Lum

Efficiency Efficiency

Room Temp Color
Power Fade Stability =~ Gamut:
@80 mA/em®  NTSC

Device # Voltage  (cd/A) (W/A) CIEx CIEy Im/W QE %  (hrsto 50%)  ratio (%)
Example 1 2-layer white 37 114 0.106 0357 0357 97 47 1000 50
(Comparative)
Example 2 3-layer white 4.5 6.1 0.079 0240 0285 43 33 800 75
(Comparative)
Example 3 4-layer white 2 nm yellow 4.5 8.5 0.086 0317 0358 6.0 3.8 1045 71
(Inventive) layer
FExample 4 4-layer white 4 nm yellow 4.3 9.5 0.091 0323 0369 6.9 4.0 896 71
(Inventive) layer
Example 5 4-layer white 3 nm yellow 4.5 9.8 0.099 0316 0344 6.9 4.0 700 70
(Inventive) layer
Example ¢ 4-layer white 2-stack 8.7 17.5 0.175 0327 0366 6.3 7.7 562 70
(Inventive) tandem,
3 nm yellow
[0164] 12. The above-prepared substrate was further PARTS LIST
treated by vacuum-depositing a 3 nm yellow light- .
emitting layer including 2 nm NPB (as host) and 1 nm [0172] 5 pixel
ADN as a stabilizer with 2% yellow-orange emitting [0173] 5g pixel
dopant PTBR. [0174] 5b pixel
[0165] 13. The above-prepared substrate was further [0175] 5w pixel
treated by vacuum-depositing a 15 nm blue light-
emitting layer including 14.5 nm BNA host and 0.5 nm [0176] 10 OLED device
NPB cohost with 1% BEP as blue-emitting dopant. [0177] 15 OLED display
[0166] 14. The above-prepared substrate was further [0178] 20 substrate
treated by vacuum-depositing a 15 nm green light-
emitting layer including 14.5 nm BNA, 0.5 nm NPB,  [0179] 25 color filter
o o
and 0.5% DPQ as green emitting dopant. [0180] 257 red color filter
[0167] 15. A 40 nm mixed electron-transporting layer 01811 25 lor filt
was vacuum-deposited, including 200 nm Bphen, 200 [ ] & gheen color Lt
nm ALQ as co-host, with 2% Li metal. [0182] 255 blue color filter
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[0183] 30 anode

[0184] 30r anode

[0185] 30g anode

[0186] 305 anode

[0187] 30w anode

[0188] 35 hole-injecting layer
[0189] 40 hole-transporting layer
[0190] 45 hole-transporting layer
[0191] 50.1 light-emitting layer
[0192] 50.2 light-emitting layer
[0193] 50.3 light-emitting layer
[0194] 50.4 light-emitting layer
[0195] 507 red light-emitting layer
[0196] 50y yellow light-emitting layer
[0197] 505 blue light-emitting layer
[0198] 50g green light-emitting layer
[0199] 51.1 light-emitting layer
[0200] 51.2 light-emitting layer
[0201] 51.3 light-emitting layer
[0202] 51.4 light-emitting layer
[0203] 55 electron-transporting layer
[0204] 60 electron-injecting layer
[0205] 65 electron-transporting layer
[0206] 70 organic EL element
[0207] 75 white light-emitting unit
[0208] 80 OLED device

[0209] 85 white light-emitting unit
[0210] 90 cathode

[0211] 95 intermediate connector
[0212] 97 white light

[0213] 977 red light

[0214] 97g green light

[0215] 975 blue light

[0216] 97w white light

[0217] 110 spectrum

[0218] 120 spectrum

[0219] 130 spectrum

[0220] 140 spectrum

[0221] 150 spectrum

1. A white light-emitting OLED device comprising:
a) an anode and a cathode;

b) at least four light-emitting layers provided between the
anode and the cathode, wherein each of the four light-
emitting layers produces a different emission spectrum
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when current passes between the anode and cathode,
and such spectra combine to form white light; and

¢) wherein the four light-emitting layers include a red
light-emitting layer, a yellow light-emitting layer, a
blue light-emitting layer, and a green light-emitting
layer, arranged such that:

i) each of the light-emitting layers is in contact with at
least one other light-emitting layer,

i1) the blue light-emitting layer is in contact with the
green light-emitting layer, and

ii) the red light-emitting layer is in contact with only
one other light-emitting layer.

2. The white light-emitting OLED device of claim 1
wherein the red light-emitting layer is formed closest to the
anode, the yellow light-emitting layer has a thickness greater
than 0.5 nm and less than 5 nm and is in contact with the red
light-emitting layer, the blue light-emitting layer is in con-
tact with the vellow light-emitting layer, and the green
light-emitting layer is in contact with the blue light-emitting
layer.

3. The white light-emitting OLED device of claim 1
wherein the red light-emitting layer is formed closest to the
anode, the yellow light-emitting layer has a thickness greater
than 0.5 nm and less than 5 nm and is in contact with the red
light-emitting layer, the green light-emitting layer has a
thickness greater than 0.5 nm and less than 20 nm and is in
contact with the yellow light-emitting layer, and the blue
light-emitting layer is in contact with the green light-
emitting layer.

4. The white light-emitting OLED device of claim 1
wherein the red light-emitting layer is formed closest to the
anode, the blue light-emitting layer is in contact with the red
light-emitting layer, the green light-emitting layer has a
thickness greater than 0.5 nm and less than 20 nm and is in
contact with the blue light-emitting layer, and the yellow
light-emitting layer is in contact with the green light-
emitting layer.

5. The white light-emitting OLED device of claim 1
wherein the red light-emitting layer is formed closest to the
anode, the green light-emitting layer has a thickness greater
than 0.5 nm and less than 20 nm and is in contact with the
red light-emitting layer, the blue light-emitting layer is in
contact with the green light-emitting layer, and the yellow
light-emitting layer is in contact with the blue light-emitting
layer.

6. The white light-emitting OLED device of claim 1
wherein the yellow light-emitting layer is formed closest to
the anode, the blue light-emitting layer is in contact with the
yellow light-emitting layer, the green light-emitting layer
has a thickness greater than 0.5 nm and less than 20 nm and
is in contact with the blue light-emitting layer, and the red
light-emitting layer is in contact with the green light-
emitting layer.

7. The white light-emitting OLED device of claim 1
wherein the yellow light-emitting layer is formed closest to
the anode, the green light-emitting layer has a thickness
greater than 0.5 nm and less than 20 nm and is in contact
with the yellow light-emitting layer, the blue light-emitting
layer is in contact with the green light-emitting layer, and the
red light-emitting layer is in contact with the blue light-
emitting layer.
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8. The white light-emitting OLED device of claim 1
wherein the green light-emitting layer is formed closest to
the anode, the blue light-emitting layer is in contact with the
green light-emitting layer, the yellow light-emitting layer
has a thickness greater than 0.5 nm and less than 5 nm and
is in contact with the blue light-emitting layer, and the red
light-emitting layer is in contact with the vellow light-
emitting layer.

9. The white light-emitting OLED device of claim 1
wherein the blue light-emitting layer is formed closest to the
anode, the green light-emitting layer has a thickness greater
than 0.5 nm and less than 20 nm and is in contact with the
blue light-emitting layer, the yellow light-emitting layer has
a thickness greater than 0.5 nm and less than 5 nm and is in
contact with the green light-emitting layer, and the red
light-emitting layer is in contact with the vellow light-
emitting layer.

10. A white light-emitting OLED display comprising:

a) an array of first, second, third, and fourth light-emitting
pixels, each pixel having an anode, a cathode, and at
least four light-emitting layers provided between the
anode and the cathode, wherein each of the four light-
emitting layers produces a different emission spectrum
when current passes between the anode and cathode;

b) wherein the four light-emitting layers include a red
light-emitting layer, a yellow light-emitting layer, a
blue light-emitting layer, and a green light-emitting
layer, arranged such that:

i) each of the light-emitting layers is in contact with at
least one other light-emitting layer,

i) the blue light-emitting layer is in contact with the
green light-emitting layer, and

iii) the red light-emitting layer is in contact with only
one other light-emitting layer; and

c) an array of at least three different color filters in
operative association with the first, second, and third
light-emitting pixels, such filters being selected to
receive white light to produce different colored light.

11. The white light-emitting OLED device of claim 10
wherein the red light-emitting layer is formed closest to the
anode, the yellow light-emitting layer has a thickness greater
than 0.5 nm and less than 5 nm and is in contact with the red
light-emitting layer, the blue light-emitting layer is in con-
tact with the yellow light-emitting layer, and the green
light-emitting layer is in contact with the blue light-emitting
layer.

12. The white light-emitting OLED device of claim 10
wherein the red light-emitting layer is formed closest to the
anode, the yellow light-emitting layer has a thickness greater
than 0.5 nm and less than 5 nm and is in contact with the red
light-emitting layer, the green light-emitting layer has a
thickness greater than 0.5 nm and less than 20 nm and is in
contact with the yellow light-emitting layer, and the blue
light-emitting layer is in contact with the green light-
emitting layer.

13. The white light-emitting OLED device of claim 10
wherein the red light-emitting layer is formed closest to the
anode, the blue light-emitting layer is in contact with the red
light-emitting layer, the green light-emitting layer has a
thickness greater than 0.5 nm and less than 20 nm and is in
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contact with the blue light-emitting layer, and the yellow
light-emitting layer is in contact with the green light-
emitting layer.

14. The white light-emitting OLED device of claim 10
wherein the red light-emitting layer is formed closest to the
anode, the green light-emitting layer has a thickness greater
than 0.5 nm and less than 20 nm and is in contact with the
red light-emitting layer, the blue light-emitting layer is in
contact with the green light-emitting layer, and the yellow
light-emitting layer is in contact with the blue light-emitting
layer.

15. The white light-emitting OLED device of claim 10
wherein the yellow light-emitting layer is formed closest to
the anode, the blue light-emitting layer is in contact with the
yellow light-emitting layer, the green light-emitting layer
has a thickness greater than 0.5 nm and less than 20 nm and
is in contact with the blue light-emitting layer, and the red
light-emitting layer is in contact with the green light-
emitting layer.

16. The white light-emitting OLED device of claim 10
wherein the yellow light-emitting layer is formed closest to
the anode, the green light-emitting layer has a thickness
greater than 0.5 nm and less than 20 nm and is in contact
with the yellow light-emitting layer, the blue light-emitting
layer is in contact with the green light-emitting layer, and the
red light-emitting layer is in contact with the blue light-
emitting layer.

17. The white light-emitting OLED device of claim 10
wherein the green light-emitting layer is formed closest to
the anode, the blue light-emitting layer is in contact with the
green light-emitting layer, the yellow light-emitting layer
has a thickness greater than 0.5 nm and less than 5 nm and
is in contact with the blue light-emitting layer, and the red
light-emitting layer is in contact with the yellow light-
emitting layer.

18. The white light-emitting OLED device of claim 10
wherein the blue light-emitting layer is formed closest to the
anode, the green light-emitting layer has a thickness greater
than 0.5 nm and less than 20 nm and is in contact with the
blue light-emitting layer, the yellow light-emitting layer has
a thickness greater than 0.5 nm and less than 5 nm and is in
contact with the green light-emitting layer, and the red
light-emitting layer is in contact with the yellow light-
emitting layer.

19. The white light-emitting OLED display of claim 10
wherein all the pixels of the array share a common cathode.

20. A tandem white light-emitting OLED device compris-
ing:

a) a spaced anode and cathode;

b) at least two white light-emitting units that are disposed
between the electrodes and that produce emission spec-
tra corresponding to white light and each white light-
emitting unit having four light-emitting layers includ-
ing a red light-emitting layer, a yellow light-emitting
layer, a blue light-emitting layer, and a green light-
emitting layer, arranged such that:

1) each of the light-emitting layers of a white light-
emitting unit is in contact with at least one other
light-emitting layer of that unit,

11) the blue light-emitting layer of a white light-emitting
unit is in contact with the green light-emitting layer
of that unit, and
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iii) the red light-emitting layer of a white light-emitting
unit is in contact with only one other light-emitting
layer of that unit; and

¢) an intermediate connector disposed between the white

light-emitting units.

21. The tandem white light-emitting OLED device of
claim 20 wherein at least one of the white light-emitting
units has the structure comprising: the red light-emitting
layer being formed closest to the anode, the yellow light-
emitting layer having a thickness greater than 0.5 nm and
less than 5 nm and being in contact with the red light-
emitting layer, the blue light-emitting layer being in contact
with the yellow light-emitting layer, and the green light-
emitting layer being in contact with the blue light-emitting
layer.

22. The tandem white light-emitting OLED device of
claim 20 wherein at least one of the white light-emitting
units has the structure comprising: the red light-emitting
layer being formed closest to the anode, the yellow light-
emitting layer having a thickness greater than 0.5 nm and
less than 5 nm and being in contact with the red light-
emitting layer, the green light-emitting layer having a thick-
ness greater than 0.5 nm and less than 20 nm and being in
contact with the yellow light-emitting layer, and the blue
light-emitting layer being in contact with the green light-
emitting layer.

23. The tandem white light-emitting OLED device of
claim 20 wherein at least one of the white light-emitting
units has the structure comprising: the red light-emitting
layer being formed closest to the anode, the blue light-
emitting layer being in contact with the red light-emitting
layer, the green light-emitting layer having a thickness
greater than 0.5 nm and less than 20 nm and being in contact
with the blue light-emitting layer, and the yellow light-
emitting layer being in contact with the green light-emitting
layer.

24. The tandem white light-emitting OLED device of
claim 20 wherein at least one of the white light-emitting
units has the structure comprising: the red light-emitting
layer being formed closest to the anode, the green light-
emitting layer having a thickness greater than 0.5 nm and
less than 20 nm and being in contact with the red light-
emitting layer, the blue light-emitting layer being in contact
with the green light-emitting layer, and the yellow light-
emitting layer being in contact with the blue light-emitting
layer.

25. The tandem white light-emitting OLED device of
claim 20 wherein at least one of the white light-emitting
units has the structure comprising: the yellow light-emitting
layer being formed closest to the anode, the blue light-
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emitting layer being in contact with the yellow light-emit-
ting layer, the green light-emitting layer having a thickness
greater than 0.5 nm and less than 20 nm and being in contact
with the blue light-emitting layer, and the red light-emitting
layer being in contact with the green light-emitting layer.

26. The tandem white light-emitting OLED device of
claim 20 wherein at least one of the white light-emitting
units has the structure comprising: the yellow light-emitting
layer being formed closest to the anode, the green light-
emitting layer having a thickness greater than 0.5 nm and
less than 20 nm and being in contact with the yellow
light-emitting layer, the blue light-emitting layer being in
contact with the green light-emitting layer, and the red
light-emitting layer being in contact with the blue light-
emitting layer.

27. The tandem white light-emitting OLED device of
claim 20 wherein at least one of the white light-emitting
units has the structure comprising: the green light-emitting
layer being formed closest to the anode, the blue light-
emitting layer being in contact with the green light-emitting
layer, the yellow light-emitting layer having a thickness
greater than 0.5 nm and less than 5 nm and being in contact
with the blue light-emitting layer, and the red light-emitting
layer being in contact with the yellow light-emitting layer.

28. The tandem white light-emitting OLED device of
claim 20 wherein at least one of the white light-emitting
units has the structure comprising: the blue light-emitting
layer being formed closest to the anode, the green light-
emitting layer having a thickness greater than 0.5 nm and
less than 20 nm and being in contact with the blue light-
emitting layer, the yellow light-emitting layer having a
thickness greater than 0.5 nm and less than 5 nm and being
in contact with the green light-emitting layer, and the red
light-emitting layer being in contact with the yellow light-
emitting layer.

29. The white light-emitting OLED device of claim 1
wherein each of the four light emitting layers includes an
anthracene derivative.

30. The white light emitting OLED device of claim 29
wherein the anthracene derivative in the four light emitting
layers is a monoanthracene derivative.

31. The tandem white light-emitting OLED device of
claim 20 wherein each of the four light emitting layers in
each white light emitting unit includes an anthracene deriva-
tive.

32. The tandem white light-emitting OLED device of
claim 31 wherein the anthracene derivative in each of the
four light emitting layers in each white light emitting unit is
a monoanthracene derivative.

L S S T
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