Integrated three-color organic light-emitting devices
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We report a demonstration of the integration of individual polymer-based light emitting devices of
three different colors on the same substrate. Orange, green, and blue color devices are sequentially
fabricated on the same indium—tin oxiderO) coated glass substrate coated with a patterned
insulator on the ITO, by the spin coating of polymer thin films, the vacuum deposition of top metal
contacts, and the patterning of polymer thin film by plasma etching, using the top metal contacts as
the self-aligned etching mask. The devices exhibit no degradation of device characteristics due to
the integration processing compared to discrete devices on separate substrates. This demonstration
shows a new path towards the fabrication of high performance low-cost full-color organic flat panel
displays. © 1996 American Institute of Physid$$0003-695(96)00547-5

A long sought goal in the display field has been thedifferent organic layers onto a common ITO layer would
integration of light emitting deviced_EDs) of three differ-  involve patterning the organic layers as well. A straightfor-
ent colors onto a single substrate. While organic LEDsward integration approach is to sequentially fabricate differ-
(OLEDs) have shown extreme versatility in terms of colorsent sets of devices by preparing the metal contact on each
and freedom of substrates in recent ydarsintegration of ~ organic layer and then patterning the organic layer to form a
OLEDs of different colors has proven difficult because ofpatterned device before processing with the next layer of
difficulties associated with the processing and patterning obrganic materials. The final structure of such an approach is
the organic materials. Therefore, multicolor work to date inshown in Fig. 1a). This approach leaves the organic layer
the field has been based on integrating red, green, and bl@xposed on the device edge, where it may be attacked by
filters over a single type of white emitting devitéytegrat-  Wwater, solvents, etc., during later processing. For example, in
ing red and green down-conversion phosphors with a singléhe integration of polymer-based devices, the spin coating of
type of blue emitting devic& or adjusting the emission of a a second polymer after the completed fabrication of a first
single type of broadband organic emitter by using three difdevice, e.g., the leftmost device in Figial, would lead to
ferent kinds of microcavitie& degradation of the existing device, because the solvent car-

To reach maximum power efficiency for a display, how- rier in the second spin-coating step would dissolve the first
ever, the first two of the above three approaches have inhepolymer through the device sidewall. With this approach, we
ent limitations. A clearly desirable alternative would be toindeed observed irregular shorting, leakage, and degradation
fabricate three different devices with three different organicof existing devices caused by the attack of solvents through
layers, each optimized for different colors and integrated
onto a common substrate. However, the integration of red,

green, and blue devices for the subpixels of a full-color dis- Al

play and the microfabrication of small pixels in high resolu- Q%.Ag
tion displays will definitely involve the patterning of films Polymer
and microprocessing, which inevitably require the use of sol- () | = = B —ITO
vents, acid, and water. The direct exposure of organic mate- Glass
rials to solvents and water can lead to the degradation or =] B Be=r SiNy

even complete failure of devices. In this letter, we demon- (b) | . .
strate such integration of three different polymer-based or-
ganic LEDs on a single substrate, with each consisting of a Al
different organic layer for a different color. |
The general structure of OLEDs consists of a glass sub- (¢) i ]
strate, ITO(a transparent conducjothe organic layers, and
a patterned top metal contact. The device emits light out of
the bottom of the ITO coated glass substrate, and in virtually!G. 1. Cross sections of three integration schemes. The indium—tin—oxide

all devices to date only the top metal contact or the bottom!T0)-coated glass substrate has a sheet resistance Qffid¥ square. The
magnesium to silver ratio of the magnesium—silver alloy in the cathode is

ITO contact has been patterned to define the area of thejg:1:(a) A straightforward integration scheme with only the patterning of
device, not the organic layer. The integration of devices withorganic films;(b) an integration scheme with a patterned insulator on the
ITO. The sizes of the active regions and the metal contacts are 2 2mm

and 4 mm<4 mm, respectively(c) an integration scheme with a patterned

3E|ectronic mail: sturm@ee.princeton.edu insulator on the ITO and a metal sealing layer over each device.
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the unprotected device sidewalls, though macroscopically the @)

devices still looked the same. 12 . ‘ . . . .

To overcome this problem, we then rendered the ex- Bue Green  Orange
posed edge of the device electrically inert using a second 10k i
structure as shown in Fig(l). In this structure, a thin insu-
lating layer is deposited on top of ITO and the active device o8} i
regions are defined by opening windows on the insulating 3
layer to access the ITO. The use of the insulating layer al- 5 06l i
lows the top metal contacts to extend out of the active areas g
and leave some distance between the edge of the metal cov- § 04l _
erage and the actual electrically active region. This strategy w
successfully keeps the active regions intact in following o2l i
polymer coating and leaves device characteristics un-
changed. The devices work well in dry nitrogen atmosphere, 0 e S

but to prevent any possible attack of the organic materials by
air, moisture, or processing liquids through the edge of the
device, a refined structure as shown in Fi@:) has also been
fabricated. After the etching of each polymer thin film and
before the coating of the next polymer, a thick layer of air-
stable metal, like Al in our case, is deposited to seal the

Wawelength (nm)

10*

whole device. Note that except for the difference in ways of
organic deposition, all the above schemes can in principle be 10°
applied to OLEDs based on molecular organic materials in
addition to polymer-based OLEDs reported here. « 102°’g

The details of processing are now described. First, a thin § B
layer of insulating silicon nitride SifNof ~1000 A is depos- £ 10 %
ited on top of cleaned ITO by plasma-enhanced chemical g 1 4
vapor depositiotPECVD) at 250 °C. The active device win- a é
dows in the Si are then patterned by photolithography and 'é 10" 2
standard etching procedures. The polymer thin film for the 3 @
first set of devices, which are orange in our case, is then spin- 102
coated to cover the whole surface. Due to the unique way of .

10

coating polymer thin film from solution and its macromo-
lecular structure, the polymer thin film formed on the pat-
terned surface is expected to be rather conformal. After spin
coating, the top metal contacts for the first set of Qewces AR5 2 (@ EL spectra of the orange, green and blue LEDS: forward
thermally evaporated through a shadow mask IN vaCuungyrrent-voltage and brightness—voltage characteristics of the ofapge
~10"% Torr. The metal contact has three layers in stacksquare, green(solid squarg and blue(open circlg devices. The composi-
with ~500 A coevaporated Mg:Ag alloy overcoated by tions of the orange, green, and blue LEDs are ITO/PVK:A1Q:nile red

_ . : . (100:40:0.2/Mg:Ag, ITO/PVK:A1Q:coumarin 6(100:40:1.0/Mg:Ag, and
500 A silver and~1000 A aluminum. The structure is then ITO/PVK:PBD:coumarin 47(100:30:1.0/Mg:Ag, respectively. The ratios

exposed to an oxygen plasma, which etches away photoresistuween organic materials are weight ratios and typical organic film thick-
and organics where exposed, but does not etch the aluminuness are-1000-1100 A. A positive voltage is applied to ITO relative to top
layer or any layers underneath. Therefore, this plasma etclfetal contacts under forward bias.

ing is self-aligned and does not need an extra mask. Also, the

use of dry etching avoids the risk of excessive exposure ofmetal layers by photolithography and etching will probably
the organic films to solvents used in wet etching. If the strucbe required. Such processes are currently under development
ture of Fig. 1c) is applied, the evaporation of aluminum seal in our lab.

for the first set of devices is then performed through another The devices used in this demonstration are made from
shadow mask before the spin coating of the polymer thirmolecularly doped polymer§MDP), in which the hole-

film for the next set of green devices. The steps from spirtransporting matrix polymer po{i¥-vinylcarbazolg (PVK)
coating to the evaporation of aluminum seal are then reis doped with electron-transporting molecules, such ag8tris
peated to finish the integration of devices. Except for thehydroxy quinolatg aluminum (Alq) or 2<4-bipheny)-5-(4-
transfer of samples to the plasma etching system, all of theert-butyl-phenyl-1,3,4-oxadiazoléPBD) and different fluo-
polymer processing and evaporator loading is carried out imescent dyes as efficient emission centers. This class of
glove boxes filled with dry nitrogen. In the above processingdevices has the advantage that all carrier transport and emis-
the patterning of all metal layers is done by mechanicakive materials are mixed together in a solution and can be
alignment of shadow masks for metal evaporation for ourdeposited by a single coating step, without the need to ad-
array of 2 mm by 2 mm devices. Eventually, to make adress the solvent compatibility of separate carrier transport
high-resolution display containing a large array of small de-and emissive layers, simplifying the fabrication. In addition,
vices of at most several hundred microns, the patterning othe emission color can be easily tuned by doping with dif-
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the glass substrate, were 0.7%, 0.5%, and 0.4% photon/

—y10° electron for orange, green, and blue, respectively. Although
1107 not record results for single devices, practical brightnesses
110" can be obtained at reasonable operating voltages, for ex-
110° € ample, video brightness-100 cd/nf at 11-13 V and high
1107 8 brightness~4000 cd/m around 20 V. The effect of integra-
g
]2 S tion processing on devices was checked by comparing the
2 - . ;
110° § characteristics of devices when they were just freshly made
J10¢ S to those of the same devices after they underwent all integra-
5 2 tion processing. Figure 3 compares theV andl -V curves
1107 3 . . .
o of an orange device in the structure of Figbjlbefore and
. 1 , after the integration processing, which in this case means
05246 8 10 12 14 16 18 200 two spin-coating steps and two oxygen plasma etching steps.
Voitage (V) The device characteristics are unchanged after integration

processing, as seen in Fig. 3, and are virtually identical to

FIG. 3. Brightness—voltage and current—voltage characteristics of the sanf10S€ Of discrete devices as shown in Fig. 2. The plasma
orange device in the structure of Fig(bl before (solid squargand after  etching step was found to be especially benign. Devices sub-
(open circlg integration processing. jected to plasma etching without the patterned insulator as
shown in Fig. 1a) also exhibited no visible change com-
ferent dyes, and the optical and electrical properties can usyared to their operation before the organic material was pat-
ally be optimized by tailoring the ratios of different compo- terned. Finally, a color photo of the integrated orange, green,
nents in MDP. The orange, green, and blue MDPs used i@nd blue devices all operating simultaneously in the air under
this work are composed of PVK/Alg/nile red, PVK/AIQ/ the jllumination of an incandescent lamp is shown in Fig. 4.
coumarin 6, an PVK/PBD/coumarin _47, respectively. The In summary, we have successfully demonstrated the in-
concept of mixing molecular dyes with hole and eIeCtrontegration of individual polymer-based OLEDs with different

transport materials in a single blend has been demonstrat%c; anic layers onto a single substrate. The integrated orange
before>~14but this is the first time our choices of combina- 2 Y d ' 9 ge,

tions of materials has been reported. Red emission instead 8feer?, and blue dewces. on the same subgtrgte shovy no deg-
orange emission can be achieved by increasing the nile ré@dation compared to discrete devices. This integration may
fraction, but with loss of efficiency. The electroluminescenceP® @ significant step towards the realization of high efficiency
spectra of the three devices are shown in Fig).2Typical ~ full-color organic flat panel displays.

| -V characteristics are shown in Fig(b®, along with the The support of the ATC/POEM at Princeton is gratefully

brightness versus voltage curvds{V). The external quan- acknowledged.
tum efficiencies, measuring only light through the back of
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