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We have developed highly efficient white top-emitting organic light-emitting devices with broad
emission by modifying both the anode and cathode. To alleviate the undesirable microcavity effect
and obtain “broad” white emission, a GEoated Ag anode and an index-matching lag@n0,)
capped on a thin Ca/Ag cathode with a maximum transparency of 80% were employed. A
top-emitting broad white-light device, based on the dual-layer architecture of light blue and yellow
emitters with one of the highest EL efficiencies of 22.2 cd6 Im/W) at 20 mA/cnt and 7.3 V

with  Commission Internationale d’Eclairage coordinates ©f=0.31y=0.47), has been
demonstrated. @005 American Institute of PhysidDOI: 10.1063/1.1953883

Organic light-emitting device$OLEDs) (Ref. 1) have  was adjusted under a specific optical length to optimize the
been well recognized in recent years as one of the best flanicrocavity effects in the respective RGB pixels. Although a
panel display technologies that are capable of meeting thehite emitter was used, individual RGB light, instead of
most stringent demand of future display applications. To rebroadwhite emission, was created by patterning three differ-
alize the full potential of this display technology, a full color ent thicknesses of indium-tin oxidéTO). In mass produc-
top-emitting OLED structuré TOLED) coupled with a low- tion consideration, the requirements of a three-wavelength
temperature poly-silicolLTPS) thin film transistor(TFT)  white light coupled with three different and matching thick-
active matrix backplane appears to be the most attractivanesses of ITO patterned on one substrate could be difficult
This is because a TOLED can provide not only a higherand not compatible with an existing manufacturing process.
aperture ratidAR) than the usual bottom-emitting one, but We report herewith a new device structure by modifying
also a higher display image quality that often necessitates @lectrodes and controlling the optical length of the light-
more complicated drive circuit in active matrix OLEDs emitting devices, from which a top-emitting device with high
(AMOLEDSs). In addition, it is also well established that pix- €lectroluminescencdEL) efficiency of 22.2 cd/A and a
els with high AR in the panel invariably lead to prolonged near-white-light emission of Commission Internationale
operational stability owing to less current density needed tél’Eclairage (CIE) coordinates of (x=0.31y=0.47) was
drive each pixel in order to achieve a desired luminescencéchieved.

In recent years, there also has been considerable interest in A microcavity structure in a top-emitting device is

developing high-efficiency white OLEDs. This is because itformed between a reflective anode and a semitransparent

provides the full color AMOLEDs with the alternative ap- cathode, and the microcavity effect can be realized as one

proach using white OLEDs coupled with color filtéEF) kind of Fabry—Perot filter which should satisfy the following

that can circumvent the problematic shadow mask for redequation:

green-blue(RGB) pixelation in production and achieve a

much higher display resolution. This led Sanyo/Kodak to 2L

declare in 2003 that white-light OLEDs with an on-chip CF

and LTPS-TFT combined with top emission architecture will

be the most attractive full color OLED technology in the whereL is the optical length between the two mirrors, ahd

future? However, it remains a challenge to generate whiteis the sum of the phase shift from anode and catfode.

light over abroad range of the visible spectrum in top- The full width at half maximum(FWHM) (Refs. 5 and

emitting OLEDs because it is unavoidably interfered with by6) can be estimated by

a strong microcavity effect. To the best of our knowledge, no

report has been documented on generating highly efficient 2 1-VRR,
. . . . T . Aiaviav)

broadbandwhite-light emissions in a top-emitting device. FWHM = —— X ————7,

In SID 2004, Sony demonstrated a full color display 2L m(RRy)
with vivid images employing a “super top emission” schemewhereR, andR, are the reflectance of the two mirrors. Spec-
which was combined with a white emitter, microcavity struc-tra| narrowing is the most common phenomena caused by a
ture, and CF arrayin which a three-wavelength white-light strong microcavity effect. As implied from E€@), a shorter

L as well as lowerR; or R, are preferred to alleviate the
aAuthor to whom correspondence should be addressed; electronic mai¥ndesirable microcavity effect and to obtain wider FWHM
fredchen@mail.nctu.edu.tw emission. In order to study the optical interference in the

)
+—=m (m=integey, (1)
Amax 27

(2)
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TABLE I. EL performance of Devices A, B, and C measured at 20 m&/cm

\oltage Lum. yield Efficiency FWHM
Devices V) (cd/A) (Im/W) CIE(x,y) (nm)
A 5.3 0.6 0.4 0.12, 0.17 20
B (top) 6.6 2.7 1.3 0.21, 0.35 64
. B (bottom 6.6 6.6 3.1 0.27, 0.40 116
Device A Device B Device C
C 7.3 22.2 9.6 0.31, 0.47 136

FIG. 1. The device architecture of the three top-emitting devideg&on-
ventiona), B (transparent andC (electrode modified

in TOLEDs because of its nature of low transparency. In

white-light top-emitting device, three device structures areprder to improve the transparency of the cathode, a high
designed and fabricated as shown in Fig. 1. refractive indexn~2.0) of SnO, was deposited via thermal

In Device A, the structure wagAg (200 nm/ITO  evaporation. With increasing thickness of Sn@he wave-
(75 nm/4,4'-bigN-(1-naphthy)-N-phenyl-amindbiphenyl  |ength with optimal transmittance is shifted gradually from
(NPB) (50 nm/1.5wt% rubrene: NPB(20 nm/3 Wt%  the blue to red region. Here, 22.5 nm thick Sn@as se-
p-bis(p-N, N-di-phenyl-aminostyrybenzene: 2-methyl-9,10- |ected due to its higher transparency throughout the entire
di(2-naphthyJanthracene (40 nm/aluminum  tris(8-hydro-  visible region of outbroad white emitter.
xyquinoling (10 nm/Ca (5 nm)/Ag (15 nm], which is the The detailed EL performances of these devices are sum-
conventional white-light top-emitting device. In Deviés marized in Table | and their EL spectra are plotted in Fig. 3.
ITO is the transparent anode, and the cathode By observing the variation in the EL spectra, we can analyze
Ca(5 nm/Ag (15 nm capped with an index-matching and understand more about the microcavity effect caused by
layer of SnQ (22.5 nnmj. The organic white emitter in De- the device structure. It is apparent that most of white light
vice B is the same as in DevicA. In DeviceC, we used generated in DevicA was whittled down and showed that a
200 nm thick Ag as the reflective anode coated with a é)olynarrow spectrum exhibits a peak wavelength at 468 nm with
merized fluorocarbon filniCF,) as the hole injection layer. a FWHM of 20 nm. Saturated color with CJE-coordinates
The cathode and organic white emitter were the same a9.12, 0.17 and low efficiency of 0.6 cd/A were observed.
Device B. Organic materials were deposited by thermalAlthough metal/ITO was often chosen as the anode in con-
evaporation in an ULVAC Solciet OLED coater at a baseventional top-emitting devicesthe contribution of optical
vacuum of 107 Torr. All devices were hermetically sealed length is larger in the ITO laygin~ 2.2) than that of organic
prior to testing. EL spectra, luminance yield, and CJEolor  layer(n~1.6—-1.7, and a longer optical length tends to lead
coordinates were measured by a Photo Research PR-6%®a stronger microcavity effect in Deviée To alleviate this
spectrophotometer driven by a programmable dc source. unwanted microcavity effect, the ITO layer should be eradi-

In top-emitting OLEDs, high reflectivity of the anode is cated, and optical length of device can be efficiently short-
important for achieving high luminance efficierftyn our  ened without altering the recombination region within the
study, 200 nm Ag with a good reflectivity of more than 95% white emitter.
was used as the anode. Furthermore, by direct photoioniza- Contrary to DevicéA, a large fraction of yellow light is
tion measurementRiken AC-2, the work function of Agis “detrapped” in Deviced8 and C. It evidently suggests that
found to be at 4.65 eV which is comparable to that of ITOsuccessful alleviation of microcavity effect can extract some
and, like CFE, is overcoated onto the Ag surface to further more yellow emission and enhance EL intensity. This en-
improve its hole injection. hancement also agrees with the improved transmission of the

Figure 2 shows the transmission spectrum of Ca/Agmultilayer cathode. In the transparent devigiea luminance
cathode capped with different thicknesses of gna@rying  yield of 2.7 cd/A was achieved from the top side but with
between 7.5, 15, 22.5, and 30 nm. We realize that the transnore than 70% of light emitted from ITO anodbottom
mission of a metal cathode is a critical issue to be addressezide. The high reflectance Ag anode of Devi: forces

—&—Ca (5 nm)/Ag (15 nm) 1.0
100} —0—CaAgSno, (7.5 nm) =08 N0
—A—CaAgSno, (15 nm) 1} ] S, YA
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FIG. 2. Transmittance of C& nmi/Ag (15 nm) cathode cepped with dif-  FIG, 3. EL snectra of the three top-emitting devices. Inset: El. spectra of
ferent thicknesses of SO Device C under viewing angles of 0°, 30°, and 60° off the surface normal.
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white light to emit from the top semitransparent cathode thus AC B sl c

leading to the very high efficiency of 22.2 cd/(8.6 Im/W). < 0T (@) D& Pl e (b) A

We believe this significant enhancement in efficiency can be 3 2sof / / 35T l
attributed to the combined effect of successful attenuation of £ 200l d d o 4}

the adverse microcavity effect and the improvement of light & <

outcouping with index matching materfal®A broad white- & 1sof / 23 [

light emission with a FWHM of 136 nm generated from De- ; 100l g £,|

vice C is also wider than that of bottom-emitting device g / § / A B
(116 nm. Although DeviceC is a broadband-emitting de- 3 % ,ngp T A,Af o—°
vice, it does not have a very good white color. A near-white- olBRE, L 0 nmakh B0 | |
light emission of CIE coordinates ¢k=0.31y=0.47) was % Voltagevy . ™ % Vohtagew) T ™

achieved which is also comparable to that of bottom-emitting

device(x=0.27 y=0.40. We believe the color of the white FIG. 4. (a) J-V characteristics antb) B-V characteristics of Devices, B,
device can be further improved by selecting a proper set ofndcC.

emitting materials.
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