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.HIGH BRIGHTNESS, HIGH.EFFICIENCY ORGANIC
- LIGHT:EMITTING DEVICE

‘Cross Reference To Related Patent Application
This application relates to and claims priority on' Application Serial Nos.
60/049,070 filed on July 11, 1997, and 09/074;423 filed on May 8,1998. -~~~

" Field of thé Invention
The present invention relates to organic light emitting devices. In particular, the -

"' presetitinventionrelatesto a stacked organic light emitfing device having high brighitmess -

and high efficiency.

- Background of the Invention
Organic light emitting devices ("OLEDs") have been known for approximately
two decades. All OLEDs work on the same general prineiples. One or more layers of
semiconducting organic material is sandwiched between two electrodes. An electric

current is applied to the device, causing negatively charged electrons to move into the

organic material(s) from the cathode. Positive charges, typically referred to as holes, -
move in from the anode. The positive and negative charges meet in the center layers (i.e.,

the semiconducting organic material), combine, and produce photons. The 'weve-leﬁgth

-+ --and consequently the color -- of the photons depends on the electronic propertles of the

orgamc material in which the photons are generated
" The color of light emitted from the organic light emitting dévice can be controlled
by the seléction of the organic material. White light is produced by generating blue, red
and green lights simultaneously. Specifically, the precisely color of light emitted by a -
particular structure can be controlled both by selection of the organic material, as well as
by selection of dopanis. '
‘Organic light emitting devices have been shown to be capable of emitting with
very high brightnesses (>10° cd/m2) and with high quantum efficiencies (2-3%).
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Unfortunately, the hrghest brightxresses are achietred with a propOrtlonate reelprocal

decrease in lifetime of the device. Also, when power eﬁicreney is considered, operating - -
ai ‘OLED at hrgh bnghtness (and therefore hrgh cun'ent) leads to a reduction of power
efﬁclency, asthe deviceshave a 51gmﬁcant series res1stance so that the powerefficiency ¢ -

drops thh mcreasmg current densrty o
' Although substantial progress has been made in the development of OLEDs to o |

date, substantlal additional challenges remain. For example, the class of devices .

continues to face a general series of problems associated with their long-term stablhty

In particular, the sublimed orgamc film may undergo recrystallization or other structural - -

changes that adversely effect the ennssrve_proper_hes of the devrce.

Objects of the Invention
It is therefore an object of the present invention to provide an OLED possessing

higher brightness.

- Another object of the present mventlon isto provrde an OLED with higher power -
efficiency. . : _ . _

A further object of the present mventlon isto provrde an OLED withan increased -
lifetime. - _ . . _

Yetanother object of the present invention isto provide an OLED withalowheat
output. A further object of the present invention is to provide an OLED with -
increased light output utilizing approximately the same power as a single conventional
light emitting device. '

Yet another object of the present mventlon isto provrde a transparent stackable -

OLED structure without requiring mdep_endent control of each of the stacked individual
OLED:s. .' _ o - _

An additional object of the present invention is to provide a transparent stacked . -
OLED structure which draws 1o more current than a single OLED, but results inan -
increased brightness. _ : _ |

Yet a further object of the present invention is to provide a device with increased - -
brightness over that of a single OLED, without loss of efficiency:or loss of lifetime.
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An additional object of the present invention is to provxde the same brightnessas -~ - -

a single OLED, but with mcreased efficiency and mcreased hfetime

- Additional benefits and advantages of the present invention will be apparentto™ ..+ "¢ v s

those of ordinary skill in the art.. . -

‘Summary of the invention
- The present invention is directed to alight emitting device comprising a plurality -

of organic light emitting devices.” The plurality of organic light emitting devices are =~
arranged in a stack. The light emitting device further includes control means for = -
. controlling operation of each of the plurality of organic light emitting devices in the o
stack: The control means supplies the same current to‘each of the organic light emitting -

devices in the stack. The control means simultaneously supplies the same currentto each * -

of the plurality of the organic light emitting devices. -
The plurality of organic light emitting devices includes at least two stacked

-organic light emitting devices. The stack of organic light emitting devices is formed on " -
the substrate. The first organic light emxttmg device of the plurality of organic light
- emitting. dev1ces is located on the substrate. A second organic light emitting device of -

the plurality of orgamc light emitting devices is located on the first organic light emitting '
device. : ' : - B |
The light. emitting device may further: include an insulator layer _position‘ed
between each of the organic light emitting devices. . -
- Each of the organic light emitting ‘devices includes a first conductor layer, an -
OLED layer, and a second conductor layer. The OLED layer is sandwiched between the .

first and secorid conductor layers. The thickness of the second conductor layer of the - -

third organic light emitting device is greater than the thickness of the second conductor '
layers of the first and second organic light emitting devxces

- The light emitting device according to the present invention has increased .

brightness capability. The light emitting device accordmg to the present invention also -
has increased efﬁclency and lifetime.
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" It.is to be understood that both the foregoing general ‘description and the

_ -followmg detailed description are exemplary and explanatory only The descnptton is.
not consxdered tobe restnctlve of the mventton as clalmed | |

Brlef Descrlptlon of the Drawmgs
The present invention will now ‘be descnbed in connection with the following
figures in which like reference numbers refer to like elements and wherein: .
. F1g lisa 31de view of a stacked organic hght emlttmg dev1ce accordmg to:-an
embodiment of the present invention; ' o '
Fig. 2 is a side view of a stacked orgamc light emxttmg device accordmg to
another embodiment of the present mventlon, and ' '

Fig. 3 is a side view of a stacked orgamc light emitting device according to

- another embodiment of the present mventlon.

* Detailed Description of the Preferred Embodiments
" The present invention is directed to an mproved hght emitting device 1 that

* includes stacked organic hght emitting dev1ces The device 1 mcludes asubstrate2. The
_ substrate 2 may be formed from glass (e 2. borosﬂlcate glass), silicon on quartz, plastlc- o
~ or other suitable substrate matenal o

A plurality of individual organic light emitting 'device's-?m, 20, and 30 are formed
on the substrate 2. ‘A current source 3 supplies cutrent to the plurality of individual
organic light emitting devices 10, 20, and 30. The present invention is described, for
purpose of example, as contammg three stacked 1nd1v1dual orgamc light emitting devices.

- It, however, is contemplated by the present inventors that the present invention is not

limited to three stacked organic light emitting devices. Rather, two stacked light emitting
devices and more than three stacked emitting devices are all considered to be within the
scope of the present invention. S ' I |
As shown in Fig. 1, a first organic light emitting device 10 is formed on the
substrate 2. The first organic light emitting device 10 includes afirst conductor layer 11.
The first conductor layer 11 is preferably formed as lines or, in the case of an active
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matrix substrate, eleetrodepads directly onthe subsu'ateZusmgeonventnonal techniques. - -

(e.g.;:screen coated or hthographxcally patterned using conventlonal photoresist. and © -

etching techniques). The conductor layer 11 is preferably transparent and formed from ;-

a mixture of indium oxide and tin oxide or indium tin oxide (ITO). However, itis = -

- contemplated that other suitable light transmissive electrically conductive materialsmay - -
‘be used to construct the first conductor layer 11. Thin 90% Mg + 10% Ag (e.g:'10nm)

- and.LiF (1nm) over Al (10nm).could be used as transparent electrodes for an inverted.,

 OLED stack. 50nm of ITO on 100nm of Al+4% Cu or much thlcker films of previously

mentioned materials could be used. for upwardly emitting versions of rhefra-present=--

invention. Pixel areas; not shown, are then formed on the first conductor layer 11 by - -
depositing an insulator layer on. the first conductor layer 11 using conventional
- techniques. -

< An OLED layer 12 is then deposrted on the insulator layer and first conductor -

layer 11 such that the OLED layer 12 contacts the first conductor layer 11 in the pixel -
. area, as shown in Fig. 1. The OLED llay.er 12 preferably comprises one or more layers
~ of organic film(s). Preferably, the OLED layer 12 includes a hole transport layer, atleast - -

one light emitting layer and an electron n'ansport layer. The light emitting layer is

sandwiched between the hole transport layer and electron transport layer. The OLED -

layer 12 is preferably transparent.

A thin second conductor layer 13 is formed on the OLED layer 12. The second - -

conductor layer 13 is preferably transparent and formed from a metal (e.g., Mg and Ag- -
alloys or Aland Cuand Ti alloys, molybdenum, cobalt, nickel, zinc, indium diamond like

carbon.(DLC), ITO, SiC, CuPc, etc.). In a preferred embodiment, the seoond conductor.
layer 13 has a thickness in the.range of 1 to 150 Angstroms. A thin ion damaged layer
of CuPc or Alq may be used as a recombination injection site. The second conductor.
layer 13 should be sufficiently thin to minimize light absorption and discontinuous to

limit lateral conduction. Otherwise, the conductor layer 13 will short sideways to other

~ pixels. If the second conductor layer 13 is a discontinuous film, a thickness of 1 to 2
- Angstroms may be acceptable for charge generation. If the second conductor layer 13

is patterned, then it may have a thickness in the range of 50 to 150 Angstroms. When an -
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A second organic hght emrttmg dev1ce 20 1s formed on the ﬁrst organic hght a

emitting device 10. The second organic. hght ermttmg dev1ce 20 includes a first -
conductorlayer21. The conductorlayeer 1spreferablyformedfromthe samematerials = .o
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electric current is applied to the device, negatively charged electrons are generated and -
move into the OLED layer 12 from the second conductor layer 13. Positive charges or
holes are generated and move into the OLED layer 12 fromthe first conductor la'yer 11.
The electrons and holes meet in the OLED layer 12 where they combine and produce - i

as descnbed above in connectron w1th conductor layer 11.

~ in connection with OLED layer 12, the OLED layer 22 preferably comprisesoneormore -

layers of organic film. -
- - A thin second conductor layer 23 is formed on the OLED layer 22. The second

) conductor layer 23 1s also preferably transparent and formed ﬁ'om a metal as descnbed" o
| above in connectlon with the second conductor layer 13. -

Inthe embodlmentofthe present lnventlon 1llustratede1g 1, theﬁrst conductor

llayer 21 of the second organic light ermttmg devrce 20 may be formed dlrectly on the thin -
'second conductor layer 13 of the first organic lxg_ht emrttmg devlce 10. In this manner, -
nonmetallic electron and hole injector layers may be used. It is advisable o shadow
- mask the thin metal layers s0 that they are smaller than the orgamc layers. "For pixel
isolation; the ietal layers may not be continuous to prevent sideways shorting, as

described above. - _
The OLED stack order can be inverted and will still ‘work if the voltages are

reversed. Light can be emitted from either the top electrode, _hottOm electrode, or both
sides of the device by selecting suitable thicknesses for the top and bottom layers, theuse

of thick reflective, tranSmissive, or absorbing conductors on top or bottom of the stack.
Another embodiment of the present invention, illustrated in Fig. 2, includes a thin

insulator material 100, as shown in Fig. 2'_, deposrted over the thm second conductor layer

13 prior to formation of the first conductor layer 21 to 'provide' an insulative barrier

- An OLED layer 22is then deposrted on the ﬁrst conductor layer 21 such that the -
| OLED layer 22 contacts the first conductor layer 21 inthe p1xe1 area. Asdescribedabove - .
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between the first and second organic light emitting devwes 10 and 20. The insulator : -
layer 100 may | be formed ﬁom suitable dielectric matenals such as SiO, aluminum oxide,: - :

silicon nitride, and diamond like carbon films. -

Another:embodiment of the: present invention is 1llustrated in Flg 3. Inthis- -

- embodiment, the.thin'second conductor layer may. be simultaneously formed with the - -

first conductor layer as a single semiconductor layer 200 having a concentration gradient:

such that a pin junction is formed having a high reverse leakage current. This may be: -

accomplished by, for example, chemical vapor deposition whereby the concentrationof - -~
- the material forming the second conductor portion 213 of the single layer 200 is highest

- (approximately-100%) adjacent the OLED layer 12. :The concentration of the material - = -

forming the second cohductor portion 213 decreases as the distance from the OLED layer - -
12 increases.: The concentration of the material forming the first conductor portion 221 : -

of the single layer 200 is highé,st. (approximately 100%) adjacent the OLED layer 22. : -
- Similarly, the concentration of fhe material forming the first portion 221 decreases asthe -

= disténce‘ from the OLED layer 22 increases. Electrons generated in the layer 200 move

downward into the OLED layer 12. Holes generated in the layer 200 move upward into - - -

the OLED layer 22.

A third organic light emitting device 30 is formed on the second organic light

emitting device 20, as shown in Fig. 1.. The third organic light emitting device 30

includes a first conductor layer 31. The transparent conductor layer 31 is preferably

formed from a mixture such as indium oxide and tin oxide, (ITO), also indium zinc oxide:
(IZO), or indium aluminum oxide (IAO).. A thin metal layer such as Mo (~ 100 A) may

also be used. However, it is contemplated that other suitable transparent light
transmissive electrically conducﬁvematerialsmay beused to construct the first conductor -

layer 31.

An OLED layer 32 isthen depos1ted on the first conductor layer 31 such that the
OLED layer 32 contacts the first conductor layer 31 in the pixel area. As described above
in connection with OLED layer 12, the OLED layei' 32 preferably comprises one or more
layers of organic film.
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. A second c‘onductdr"'layer 33 is: formed on the"OLElj 'l:ayer: 32. The second - -

~ conductor layer 23 is also preferably formed from & metal, as described above in - -
- ~connection with the second.conductor layer 13. The: second conductor layer 23 can'be :
formed from a bilayer of an electron i injector and hole injector l_ayer (e.g. 50 Angstroms -

ITO sputtered onto S0 Angstrom CuPc or Alq, whi_c':h' 1mproveselectron injection). Ina
preferred embodiment, the second conductor layer 33 has'a tﬁi'ckness in the range'of 1
to 100 Angstroms. The thinnest film of conductor possible permits minimum cross-talk -

“between pixels. Discontinuous films are preferred.’

The first conductor layer 31 of the third organic light' emlttmg device 30 may-be -

= formed directly on the thin second conductorlayer23 of'the second orgamc lightemitting -~
-device 20. Alternatively, a thin insulator material 100, as g_l_escnbed above, may be -
 formed between the thin second conductor layer 23 and the ﬁrst conductor layer 31:to

provide an insulative barrier between the second and third organic light emitting devices
20 and 30, as shown in Fig. 2; Altemnatively, the thin second conductor layer may be

- simultaneously formed with the first conductor layer as smgle semiconductor layer 300 -
- having a concentration gradlcnt, as descnbed above, witha ﬁrst conductor layer portion
331 and a second conductor layer portion 323.. ' :

A current from a current source 3 is equally apphed to each of the individual
organic light emitting dewces 10, 20, and 30, The current controls the current density.
There is no independent control of the: current apphed to each of the individual organic -

- hght emitting devices 10, 20, and 30. Light emitted from the third organic light emitting

device 30 passes through the first and second organic light emitting devices 10 and 20
and the substrate2. Similarly, light emitted from the second organic light emitting device -
20 passes through the first organic light emitting device 10 and substrate 2. Light from
the second and third organic light emitting devices 20 and 30 are partially impeded asthe
light passes through adjacerit organic light emitting devices, as described above.
This ‘arrangement pfcduces a light emitting devicfe" 1 that is brighter than
conventional single organic light emitting devices when the same current is applied. For
example, for an organic_light';'emitting device that is 80% transparent, 64% of the light *
emitted from the third organic light emitting device 30 is transmitted through'the
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-+ less.current is required to produce the desired brightness.
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15 -

20

25

30

‘WO '99/03158 ot PCT/US98/13936

. substrate 2. 80% of the light emitted from the second organic light emitting device 20: - .

is transmitted through the Sibstrate 2. 100% of the light ediitied from the first orgamic. < - -

light emitting device 10 is transmitted through the substrate 2. The brightness of light. - = =
---emitted from the present invention: is:increased- by almost a factor of 3 ‘over the -

conventional single organic light emitting device.. This produces only a lossinpower -~ =~ - s
. efficiency of about 20% as compared to as much as 60% for a conventional device -

operating at the same brightness with an ohmic series resistance. Furthermore, the light - - -

. . emitting device 1 would have the same power efﬁqienc;’}f and lifetime as a single-organic

light emitting device of the same current density. Alternatively, the present invention: - -

produces a light emitting device 1 that produces the same brightness as a conventional

a drawback of the present invention, those. persons skilled in the art will quickly

- appreciate that a higher brightness will result with no additional current requirement = - -
© . - resulting in an increased power efficiency and a lower heat output. The present- -

.invention, therefore, provides greater flexibility in increaéed brightness for an equivalent

- lifetime, or equivalent brightness for an increased lifetime. That flexibility makes the -

- present invention superior to.conventional organic light emitting devices. - -

- Inaddition, it will be apparent to those skilled in the art that various modifications

- and variations can be made in the construction and configuration of the present invention

without departing from the scope or spirit of the invention. For example, in the -
embodiment mentioned above, various changes may be made in the transparent materials
or number of OLED layers, all while preserving the function of the present invention as
described herein, The organic light emitting devices may each be different colors, so that
the colors may be mixed in a fixed proportion to provide a white emitter. Similarly, the
light emitter device may be a top emitter. In such an arrangement, the transparent first
conductor layer 11 may be replaced with a reflective conductor to direct the light upward.
Further, it may be appropriate to make various modifications in materials of the present
invention, or in the mode of operation of a preferred embodiment of the present
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.. .invention. Thus, it is intended-that the present invention cover the modifications'and - -
.~variations of the mventlon, ‘provided they w1th1n the scope of the appended claimsand

. zsothedr eqmvalents

15 ..

*. Additionally, the order of the first and second conductor layers maybereversed i - i |
- with a top transparent sputtered electrode of ITO'on CuPc, Alq or: thm metal (A1+L1 or « &
- ;»..Mg+Ag, for example). ' _ .
~Additionally, it may be possible to:stack the orgamc hght emitting devices ¢ . - i
-without including the intermediate conductor layers S I K
Additionally, it is possible to coevaporate the injector metal layers with the e
. -.organic materials. This may permit better recombination and mjecuon of the charges R
: -with minimal lateral conduction. '
While this invention has been described i mconjunctlon with speclﬁc embodiments
-_._thereof, itis evident that many alternatives, modifications and vanahonswﬂlbeapparent S
-to those skilled in the art.. Accordingly; the preferred embodlments of the invention as -
. .set forth herein are intended to be illustrative, not limiting. Vanous changes may be -
.. .. made without departing from the spmt and scope of the mvenuon as defined in the

following claims. -
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[ IIIJI_IIILI Il I!II -'
What is Clai Is:

. 1. Alight ermttmg device comprising:

a plurality of organic light emitting devices, wherein said plurality of - - -« i

organic light emitting devices are arranged in a stack; and _
control means for controlling operation of said plurality of organic light
emitting devices in said stack, wherein said control means supplies the same current to
each of said organic light emitting devices in said stack.
2. The light emitting device according to claim 1, wherein said plurality
- of organic light emitting devices includes at least two stacked organic light emitting
devices. |
_ 3 The hght etmttlng dev1ce accordmg to claim 1, further comprising a
substrate,.where_m said stack of organic light emitting devices is formed on said substrate.
4.. The light emitting device according to claim 3, wherem said plurality - -
of organic light emitting devices includes at least two stacked organic light emitting
devices.. . . - . R p o
. - 5. The light emitting device according to claim 4, wherein a first organic *
light emitting dewce of said plurality of organic light emitting devices is located on said
substrate, and a second organic light emitting device of said plurality of organic light
emlttmg devices is located on said first organic light emitting device. .

6. The hght emitting device according to claim 5, further comprising a
 thindiscontinuous conductor layer positioned between said first and second organic light
emitting devices with hole and electron injection capability on opposing sides.

7. The light emitting device according to claim 5, further comprising a
semiconductor layer positionéd between said first and second organic light emitting
devices.

8. The light emitting device according to claim 5, further comprising a
third organic light exhitting device, where said third 6rganic- light emitting device is
located on said second organic light emitting device.

9. The light emitting device according to claim 8, further comprising a
conductor layer positioned between said second and third organic light emitting devices.

11
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10.. The light emitting device according to claim 8, further comprisinga -

.. -semiconductor layer posmoned between. said second .and third organic hght emitting
-devices. '
11. The light emitting device: accordmg to claim 5, wherein each of said

¢ organic light emitting devices comprises:: -

a first conductor layer;-
an OLED layer; and _
" a second conductor layer, wherein said OLED layer is sandwiched
between said first and second conductor layers. - ' o
12. The light emitting device according to claim 11, wherein each of said

second conductor layers of said organic light emitting devices has a thickness, wherein = - =+~ = |

said thickness of said second conductor layer of said third organic light emitting device
is greater than said thickness of said second conductor layers of sald first and second
-organic light emitting devices. - B ' ST

- 13. The light emitting device: accordmg to claim 12, further comprising

“an insulator layer positioned between each of sald::orga_mc light emitting devices.” -~

14. The light emitting device according to claim 1, wherein said device
has increased brightness. - ' : : : : S

15. The light emlttmg devme accordmg to claim l wherein said dev:ce

has increased efficiency.
- 16. The light emitting device accordmg to claim 1, wherein said device
has increased lifetime. R
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