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High-efficiency top-emitting organic light-emitting devices

M.-H. Lu,2 M. S. Weaver, T. X. Zhou, M. Rothman, R. C. Kwong, M. Hack, and
J. J. Brown
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Based on theoretical arguments that top-emitting organic light-emitting defi€dsEDs) can be

more efficient than equivalent bottom-emitting devices, we fabricated TOLEDs comprising
reflective anodes and transparent compound cathodes that emit 20.8% more photons in the forward
120° cone than equivalent bottom-emitting OLEDs. Device optimization by tuning the thickness of
the top indium-tin—oxide layer according to a microcavity model is also reporte@0@
American Institute of Physics[DOI: 10.1063/1.1523150

Organic light-emitting device§OLEDs) are ideal for One way to increase the outcoupling is to insert a low
flat panel display applications due to their full color gamutindex-of-refraction aerogel layert£50 um, n~1.03) be-
and thin form factor. OLEDs utilizing phosphorescent dop-tween the ITO and the glass substrgiey. 1(a)]*° In a con-
ants(PHOLEDs™)are especially promising for displays in ventional OLED, there is a high density of waveguiding
mobile electronic devices because of their low powermodes in the glass substrate due to its thickness. After inser-
consumptiorf. Active-matrix drive is required for high infor-  tion of the aerogel layer, these modes no longer exist because
mation content OLED displays. Because OLEDs are currentef the total internal reflection at the ITO/aerogel interface.
driven devices, one of the remaining technological chaldnstead, all waveguiding modes exist in the thin ITO/organic
lenges in bringing to market an active-matrix OLED display layers that have a very low mode density. According to quan-
is a backplane design that provides a constant, uniform driveum mechanics, the emitted photon must be in one of the
current. As in general there are nonuniformities in the asallowed cavity modes, so a low mode density corresponds to
fabricated threshold voltage and mobility of low-temperaturea low decay raté! W,,,, which remains unchanged, now
polysilicon thin film transistordTFTs), and bias stress in- represents a much greater portiolV@g, resulting in a large
duced threshold-voltage-shifts in amorphous silicon TEs, enhancement it [Eq. (1)]*2 An increase in external
uniformity compensation is required in either the pixel oremission by a factor of 1.8 from insertion of the aerogel layer
driver circuitry. Most solutions incorporate three, four, or was reported® The optical microcavity structuréas mani-
more TFTs within each pixel. This significantly diminishes fested in the refractive indicgsf the OLED with the aerogel
the aperture ratio in displays employing conventionallayer is compared side by side with that of a TOLED in Fig.
bottom-emitting OLEDs, forcing the OLEDSs to operate at al(b). The microcavity of the OLED terminates in the aerogel
higher luminance level, reducing lifetini€.One solution to  layer due to its thickness and porosity. We find that the op-
maintain a larger aperture ratio is to build top-emittingtical microcavity structure of the OLED is replicated in the
OLEDs (TOLEDsf~8 over a planarized backplane. How- TOLED, the optical density of the thin metal layer in the
ever, to date TOLEDs have demonstrated less efficiency thahOLED cathode and the difference between the refractive
their bottom-emitting counterparts, so that to justify usingindices of air and aerogel being negligible. We therefore ex-
TOLEDs in an active-matrix OLED display, the gain in ap- pect the same suppression of the waveguiding modes in
erture ratio must be large enough to offset any efficiencyTOLEDs as in OLEDs with aerogel layers, so that TOLEDs
loss. In this letter, we demonstrate both theoretically andcan be more efficient than the equivalent bottom-emitting
experimentally that TOLEDs can be more efficient than cor-OLEDs on glass substrates.
responding OLEDs.

In a conventional OLED fabricated on a glass substrate, Refloctive cathode ®
50%—-80% of the light emission is lost to waveguiding Organics e =
modes in the glass, indium-tin-oxiddTO) and organic 11O /TN
layers? The fraction of internally generated photons that are Aerogel // \
emitted externally is determined by thelative decay rates Glass / \ \
into the external and waveguiding modes as represented by '
the relationship between the internal and external quantum Reflective ®

L ) int ext . eﬂectl\vi cathode
efficiencies (g, and g, both are photon/electron): o
Organicsn ~ 1.7 ITOn=18-20
ext_ int VW W) = 2T 1 — (W vk W= ) /W, 1 ITOn=18-20 m ﬂm%
7eL= el (Wext/ Wr) = 7g ([ 1 — (Wsyy 10)/Wg] (1) PR

Reflective anode

WhereWR' t_he total radiative decay rate, Is thef sum of theFIG. 1. (a) Light emission in an OLED on aerogel/glass substrate. The
decay rates into the external, substrate waveguided, and ITQAveguided modegdashed line)in the ITO/organic layer are suppressed
organic waveguided mode®/q,;, Wsy,, andW,g . (adapted from Ref. 20 (b) Comparison of the OLED in paita) with a
TOLED: neglecting the thin metal film in TOLED and the difference be-
tween the refractive indices of aerogel and air, the two structures are iden-
2Electronic mail: mlu@universaldisplay.com tical.
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To verify these theoretical predictions, TOLEDs were
fabricated using two different anode/cathode combinations.
In the first set of experiments, anodes consisting of a reflec-
tive metal over-coated by a thin Ni layer were deposited by
e-beam evaporation onto glass substrates. The TOLEDs were
defined by 5 mrh square openings in a layer of photoresist.
The material system used throughout this letter was one
based on 4,4N,N’-dicarbazole-biphenyICBP) doped with
fac tris(2-phenylpyridine)iridium [Ir(ppy)s] that had dem-
onstrated high efficiency and stabilfty> The TOLEDs were Qe
fabricated by sequentially depositing layers of copper phtha- ITO Thickness (A)
locyanine (CuPc, 200 A) as the hole injection layer, (1100 500 800 1000 1200 1400
4,4’ -bis[N-(1-napthyl)-N-phenyl-aminobiphenyl (a-NPD,

300 A) as the hole transport layer, 300 A CBP doped with 6 ITO thickness (A)
wt % of Ir(ppy); as the emitting layer, aluminum(lIBis(2- FIG. 2. Comparison of measured and calculated luminance efficiency

methyl-8-quinolinatp4-phenylphenolatgBAlg, 100 A) as in the normal direction vs thi_ckness of _the ITO Iayer_in TOI__ED cathode.
y q o4 P yip d q ) The TOLED structure is reflective metal/thin  Ni/CuPc/NPD/

the hole blocking layer, and trig-hydroxyquinolineglumi- - cgp.ir(ppy), /BAIg/AIg/Mg:Ag/ITO. The TOLED model results(solid
num (Algg, 400 A) as the electron transport layer. Theseline) were scaled to give the best fit to the détguareswhich were taken
devices were fabricated by conventional vacuum therma@t_J=10 m_A/cn'?. Inset: normalized luminance efficiency vs ITO layer
deposition. During organic deposition, the chamber pressurg"Aclg;':l:u'F'}Alt]he OLED  anode glass/ITO/CUPC/NPD/CBP:Ir(ppy)
was less than 510 Torr and the deposition rates were '
nominally 1-3 A/s. The transparent compound cathodes in
the first set of TOLEDs consisted of a 100 A layer of Mg:Ag is due entirely to microcavity effects. These large variations
(25:1 by weight)and an overlaying ITO layérThe second demonstrate the importance of optimizing the top ITO layer
set of TOLEDs consisted of Ag/IT@160 A) anodes, the in TOLEDs. The model result was scaled to give the best fit
same organic layers and €200 A)/ITO (800 A)transparent to the experimental data and the agreement was excellent
compound cathodéé.The TOLEDs were encapsulated with (Fig. 2). The inset of Fig. 2 shows how the luminance effi-
a 1.1 mm soda lime cover glass.Equivalent bottom- ciency of the OLED varies with the thickness of the ITO
emitting OLEDs of the structure soda lime glass/ [I®00 layer in the anode. There is a clear peak at 1300 A, but the
A)/ CuPc (100 A)/NPD (300 A)/CBP:Ir(ppy) (6% wt, 300  peak-to-trough variation is smaller than that in TOLEDs
A)/BAIqg (100 A)/Alq5 (400 A)/LiF (10 A)/Al similar to that ~ which is a consequence of the smaller index mismatch be-
reported previousfy were fabricated for comparison. The tween ITO and glass.
reflectivities and transmissivities of various anodes and cath- Ignoring the difference in injection barriers of various
odes were measured with a Varian Cary 100 UV-Vis spectrocathodes/anodes, one expects the highest device efficiency to
photometer. The electroluminescence was measured with @@ achieved with a highly reflective anode and a highly
Photoresearch PR705, and theV—L characteristics were transparent cathode. To this end, we fabricated TOLEDs with
measured with a Keithley 236 source measure unit and Ag/ITO (160 A) anodes and C&00 A)/ITO (800 A) cath-
calibrated Si photodiode. odes. The transmissivities of glass/Mg:Ap0 A)/ITO (800

It is well known that the emission characteristics of A) and glass/C&200 A)/ITO (800 A) are 54.9% and 62.8%
OLEDs can be accurately described by a model based oat A=515 nm[~the peak of Ir(ppyj emission], respec-
wave interference in multilayer thin filn¥§.Previous work tively. They are much less than the transmissivity of 89.9%
to improve device performance has concentrated on optimiZor commercial ITO(1300 A) coated glasg¢Applied Films
ing the organic layer thickness which is the easiest paramet&o., Boulder, COpat the same wavelength. The reflectivities
to adjust in the bottom-emitting structutfeThe TOLEDs of the reflective metal/ithin Ni and Ag/ITO anodes for
and OLEDs share the same organic layers which were optifOLEDs are 60.2% and 85.5% &t=515 nm, respectively,
mized for high efficiency and long lifetime in the bottom- while that of the Al cathodes for OLEDs is 88.5%. Overall,
emitting structure. In the TOLED, the dominant reflective the OLEDs have a sizable advantage over the TOLEDs in
interface on the cathode side is not the organic/cathode irterms of the transmissivity/reflectivity of the electrodes. The
terface but the ITO/air interface that has a larger refractivel—V—L characteristic of the TOLED with an Ag/ITO anode
index mismatch Fig. 1(b)]. It follows that microcavity ef- and a Ca/ITO cathode is compared with that of an OLED
fects in TOLEDs are highly sensitive to the top ITO layer with the same organic layers, ITO anode and LiF/Al
thickness giving them additional design flexibility. The lumi- cathodé® in Fig. 3. TheJ-V curves are identical within
nance efficiency 4,g) in the normal direction as a function measurement uncertainties, while the TOLED has slightly
of the top ITO layer thickness in the first set of TOLEDSs is higher luminance efficiency. The OLED and TOLED reach
examined in Fig. 2. The experimental data show a pgak 100 cd/nt at 5.9 and 6.0 V, respectively. At 10 mA/érthe
of 19 cd/A at a drive current density of 10 mA/émt an ITO  luminance is 2030 cd/mfor the OLED and 2310 cd/fnfor
thickness of 800 A. At an ITO thickness of 480 &, falls  the TOLED (through the cover glass), i.e., 15% higher.
21% to 15 cd/A; and at an ITO thickness of 112074 falls ~ While the Ca/ITO cathode needs to be further characterized,
37% to 12 cd/A. The absorption of ITO in this thickness the identity of the twal—V curves provides phenomenologi-
range differs by~ 1%; therefore, the difference in efficiency cal evidence that the difference in Iumigﬁ@ E'j@i“ﬁé%?jr_o@m
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FIG. 3. J-V-L curve of a TOLED [Ag/ITO/CuPc/

FIG. 4. Photon radiation vs far-field angle. Open squares: OLED with
LiF/Al cathode; solid circles: TOLED [Ag/ITO/CuPc/
NPD/CBP:Ir(ppy} /BAlg/Alg/Ca/ITO] through the cover glass; solid tri-

NPD/CBP:Ir(ppy} /BAlg/Alg/Ca/ITO, triangle3 compared with an OLED
with a LiF/Al cathode [glass/ITO/CuPc/NPD/CBP:Ir(ppy)
BAlg/Alg/LiF/Al, squaresg.

angles: the same TOLED corrected for the effect of the cover glass. Inset:

CIE coordinates vs far-field angle. Open squares and trianglesx @Hgly

. . . S for the OLED; solid d triangles: CkEandy for the TOLED
microcavity effects rather than improved charge injection orr e SOIIC SqUares and riangies ney or he

. through the cover glass. All data were takerJat10 mA/cnt.
carrier balance.

The most unequivocal data indicating that the TOLED isUniversity and Professor M. E. Thompson from the Univer-
more efficient than the corresponding OLED is from a directsity of Southern California for guidance, and PPG Industries

measurement of the far-field photon radiation. Due to thgPpittsburgh, PAXor providing the chemicals. This work was
relative size of the devices and the focal spdt) of the  partially supported by DARPA and SBIR.

PR705 spectrophotometer this measurement could be carried
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. . . . . Display (STD) International Symposium, Digest of Technical Papers
files are approximately Lambertian in this angular range. Es- yyx (anaheim, CA, 1998 p. 11.

timating the integrated photon flux by the formula “m.J. Powell, C. van Berkel, and J. R. Hughes, Appl. Phys. [5t}.1323
21 (0)sin(@)As, 6=0, 15,...60°, wherd(0) is the photon 5(1989)- ' o
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are fou.nd to emit 4.2% and 20.8% morg photons than thesV. Bulovic, G. Gu, P. E. Burrows, M. E. Thompson, and S. R. Forrest,
OLED in the forward 120° cone, respectivéfy. Nature(London) 380, 29 (1996).
The inset of Fig. 4 shows the Commission Internationale7<F3- PafthAasalra;hg’y P-LEszuglO;\éS(,lg/és*;halfiny V. G. Kozlov, and S. R.
) : : P orrest, Appl. Phys. Letf72, .
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. cpn - . ater. 13, .
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not exptected to be a problem in display applications. 2In the presence of nonradiative losses; also decreases; however, the
In conclusion, we presented arguments based on a mi-overall external emission is still enhanced if the nonradiative decay rate is
crocavity theory that TOLEDs can be more efficient than the small compared with the radiative decay rate.

; ; 3R. C. Kwong, M. R. Nugent, L. Michalski, T. Ngo, K. Rajan, Y.-J. Tung,
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efficient TOLEDs based on Ag/ITO anodes and Ca/ITO cath-_Phys.87, 3080(2000).

. . SP. E. Burrows, V. Bulovic, S. R. Forrest, L. S. Sapochak, D. M. McCarty,
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odes that emit 20.8% more photons in the forward 120° cone and M. E. Thompson, Appl. Phys. Le@S, 2922(1994).

than corresponding OLEDs. Based on these results, activeg echt,optics, 2nd ed(Addison-Wesley, Reading, MA, 1987p. 374.
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higher efficiency and longer lifetime in addition to the ad- 18¥\:13k‘m°t°'tf’mcf 3{"3910’_215(1?%3)- —_— 4 omiss
vantage of an enhanced aperture ratio as compared with cons, . SOTc¢IOn Jactor 1S armved a: by companng the measured emission

) o - ; from a similar TOLED with and without the cover glass.
ventional bottom-emitting AMOLED display designs. 19The estimate is conservative. The formula used is a linear approximation

) ) _ (leading edge trapezoidal ruleo the integral [I(6)sin(f)de for 6
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