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External coupling efficiency in planar organic light-emitting devices
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The external coupling efficiency in planar organic light-emitting devices is modeled based on a
quantum mechanical microvavity theory and measured by examining both the far-field emission
pattern and the edge emission of light trapped in the glass substrate. The external coupling efficiency
is dependent upon the thickness of the indium—tin—oxide layer and the refractive index of the
substrate. The coupling efficiency ranges fret®4% to~52%, but in general it is much larger than

the 18.9% expected from classical ray optics. 2601 American Institute of Physics.
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There has been enormous interest in organic lightside of the substrafe!® In this formulation, the exciton is
emitting devicegOLEDs) primarily due to their application modeled as a radiating dipole whose decay rate is given by
in flat panel displays. One critical figure of merit for OLEDs Fermi’s golden rule. The electric fields for transverse electric
is the external coupling efficiencyycp exv Which links the  (TE) and transverse magnetitM) modes are calculated us-
external quantum efficiencgphoton/electrof) 7.y, to the ing standard microcavity theoyassuming the cathode is a
internal quantum efficiency, ., by the relation 7.,  perfect reflector. In our device$ig. 1), the excitons were
= Nep,extint - assumed to be created at the electron transporter/hole trans-

The typical OLED consists of a multilayer sandwich of a porter [tris-(8-hydroxyquinolingaluminum (Abg)/
planar glass substrate, a layer of indium—tin—ox{teO), poly-(N-vinylcarbazolé (PVK) in our device$interface and
one or more organic layers, and a reflecting cathode. Theo diffuse into the Afj; with a characteristic decay length of
light is emitted into three types of modes: the external mode€0 nm!® Nonradiative energy transfer to the cathode was
where the light escapes the substrate, the substratéaken into account by using the results in Ref. 13.
waveguided modes, and the ITO/organic-waveguided modes First, we calculate the distribution of the emitted light in
(Fig. 1).12 According to classical ray optics theory, the cou- our bilayer OLEDs with the following structure: soda lime
pling efficiencies of the external, substrate, and ITO/organiglass/100 nm ITO/40 nm PVK/80 nm éd. Figure 2 illus-
modes are 18.9%, 34.2%, and 46.9%, respectivélyhis trates the radiation pattern near the peak of thg;Alpec-
leads to an unrealistically high estimate for the internal quantrum (A =524 nm), where the QM microcavity results are in
tum efficiency in some efficient devicé$.In addition, sev- stark contrast to the isotropic radiation of the classical
eral groups have reported dependence of the far-field emisnodel. The external and substrate modes are a continuum
sion pattern on the thickness of the organic layer, which isince the distance of observation and the thickness of the
not explained by the classical thedty Studies of the direc- glass substrate are much greater than the wavelength in ques-
tionality and spectrum of the external emission have beetion. The combined ITO/organic layer thickness is on the
carried out using wave opti¢s!! Most recently, a half-space order of a half wavelength, so the modes there, if they exist,
radiating dipole model was used to describe the external anare discrete. In this particular example, no ITO/organic mode
substrate modes of a polymer OLEBON the other hand, a exists for either TE or TM radiation. In general, the energy in
quantum mechanicalQM) microcavity theory has been these ITO/organic modes may be significant, but still less
shown to accurately predict the emission into all three modes
as a function of the OLED layered struct§r€ In this letter,

) . R . . ) + Far-field detectors « Far-field detectors
we use this model to compute the distribution of light emis- / = / —
sion among the three modes, and to examine the effects ¢ Edge detector Edge detector
the thickness of the ITO layer and the index of refraction of i o Lens
the substrate on this distribution. Finally, the modeling re-

. . Glass /\ Glass
sults are correlated with experimental measurements. o T 77~ \ ™ o~
Since the layers in a typical OLED are much thinner PVK ~ PVK N

than the emission wavelength, external coupling of light is Al Al
poorly described by classical ray optics. A quantum me- Mg:Ag/Ag  Emitting center Mg:Ag/Ag  Emitting center
chanical microcavity theory of OLEDs developed by Bulovic @ ®)

et e_ll' has _been u_sed to calculate the dls_mbuuon of IIghtFIG. 1. Schematic diagram of OLEDs on soda lime glass substrates and the
emission into various modes and to predict the amount Ofyeasurement setufs) In the planar OLED, a large portion of the light is

increase in external emission by attaching a lens to the backrapped in the substrate and enters the edge detébjohfter attaching a

lens to the backside, some light trapped in the substrate is emitted exter-
nally. In both cases, the ITO/organic modes are heavily attenuated by the
¥Electronic mail: minhaolu@ee.princeton.edu ITO layer.
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FIG. 2. Calculated polar plot of modal strength vs mode angle i #dr at O o IO ’
_ X 200 nm ITO 100 nm ITO classical
N=524 nm (OLED structure: standard glass/100 nm ITO/40 nm PVK/80 standard standard high-index ray optics

substrate

substrate

nm Alg;/Mg:Ag. The exciton is at the PVK/A, interfacg. Solid line: TE

mode; dashed line: TM mode; dash-dotted arc: ray optics model. The exter-

nal and substrate modes are a continuum. There are no ITO/organic mode$G. 4. Calculated distribution of emission into external, substrate, and

in this case. The cutoff wavelength4s452 nm for TE modes ang440 nm | T70/organic modes for various OLED structur@gass substrate/ITO/40 nm

for TM modes. PVK/80 nm Algs /Mg:Ag). The fluxes into the external modes of the sample
with 80 nm Alg; on standard substrates and the classical model are normal-

than what ray optics would predict. The reduced emission aed ©© 1-

large angles in the substrate and ITO/organic modes consti-
tutes the main difference between the QM and the classicajightly above the low end of the visible spectrum. On the
models. . . ) other hand, the cutoff is above the peak emission wavelength
The flux emitted into each of the three categories ofgf A|q, in the OLED with the 200 nm ITO layer, resulting in
modes is obtained by integrating or summing over the appromch stronger ITO/organic modes. The absolute value of the
priate wave vectors, weighted by the exciton distributiongmission in the external and substrate modes is moderately
profile and the photoluminescencBL) spectrum of Alls.  ftected by the interference effects, but not enough to pre-
Figure 3 shows the calculated far-field intensity pattern Comyen¢ the proportion of external emission from increasing
pgred with the experimental data. U_nl|ke inside thqgé(lsge with decreasing ITO layer thickness. According to our cal-
Fig. 2), the TM modes at large far-field angles have slightly o\;|ations, as much as52% of the light could be emitted
higher intensity than the TE modes due to a larger glass tgxternally in the planar device with 100 nm ITO.
air transmission coefficient for TM modes at large angles. On standard soda lime glass substrates, the confinement

This effect' is visible in both the modeling and the data: . of the ITO/organic modes hinges on the fact that the glass
.The. thickness of the ITO layer affects the. modal dIStrI'substrate has a lower index of refraction than that of the

bution in two ways. It alters the ITO/organic modes by o iting Jayer, so that some light is trapped by total internal

changing the combined thickness of the ITO/organic Iayerrefraction(TIR) at the ITO/glass interface. A high-index-of-

and the external and substrate modes through interferenggs qion sypstrate completely eliminates the TIR, subse-

effects. IF is possible to have_a_n ITO layer so thin t_hat_ noquently converting the ITO/organic modes into substrate
mode exists for most of the visible spectrum. The distribu

. . Pt . ‘modest®!’ This effect is illustrated in Fig. 4 where the dis-
tzlgg %fr::gthrfifp:'SI'SCI)O?a;?e(r:s?(llgiLélaﬁd fror:eocla_rilizzi(\;v:hinltgotr?gd tribution is again calculated for identical devices on standard
ITO/organic modes in the OLED with the thinner ITO layer and high-index glass substrates. There is no change in the

is drasticall ) d. since th toff wavelenath | nIexternal emission because it is not dependent upon the index
S drastically suppressed, since the cutolt wavelengtn Is oy e intervening layers. But the total emission is different

because all modes in the OLED on high-index substrates are
continuum modes, whereas the ITO/organic modes in
OLEDs on standard substrates are discretized and sup-
pressed. In the short wavelength length limit, the total emis-
sion would have been the same. This extra emission into the
substrate modes is most relevant to backside patterning tech-
5 . niques where the substrate modes are made to emit
-, externally*®’
" Bilayer OLEDs were fabricated on 0.5 mm thick soda
lime (ngass=1.51) glass and high-index glas$Schott
. SFL57,ngjass7= 1.89 substrates. ITOr(;o=2.0) layers, 100
or 200 nm in thickness, were deposited by rf magnetron sput-
tering with no intentional heating. The sheet resistance of the
100 nm thick ITO was approximately 10Q/sq, and the
transmission was-80% in the visible. The hole transport
layer in all devices was a 40 nm layer of PMid«

substrate
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FIG. 3. Measured and calculated far-field emission pat®trED structure: _ . . .
standard glass/100 nm ITO/40 nm PVK/80 nngypMMg:Ag). Typical error ~ — 1.67), deposited by spin coating after the ITO surface was

bars are shown on the first data point of TE modes. treated by an @plasmal.3 The electron transport and emit-
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TABLE I. Measured values ofq, ext/ 7¢p suhcOmpared with the calculations  sjon into the external modes relative to the substrate modes

based on the QM microcavity model for different device structures. The, ; : i
thicknesses of the PVK and &{ layers are 40 and 80 nm, respectively. as the ITO thickness was increased and when hlgh index

substrates were used.

Measured Model A QM microcavity model was used to calculate the de-
Sample value value tailed distribution of light emission in planar OLEDs. The
Soda lime glass/100 nm emission into the external modes were found to be as high as
ITO/PVK/Al gz /Mg:Ag/Ag 1.30+0.20 1.12 ~52%, much higher than the 18.9% predicted by ray optics.
Soda lime glass/200 nm This suggests that the high external quantum efficiency in
ITO/PVK/AI s /Mg:Ag/Ag 0.51+0.08 0.75 some efficient devices does not invalidate our basic assump-
High-index glass/100 nm tions about spin statistics in 44.>*!° Experimental mea-
ITO/PVK/AIg; /Mg:AgiAg 0.41+0.06 0.56 surement of the ratiome, exd 7cpsup  qualitatively agrees

with the model. The main difference between the classical

and QM models arises from the relative suppression of

ting layer in all devices were Ak(nq=1.71), deposited by modes at large angles from the normal by the microcavity

vacuum sublimation. The cathodes were 30-50 nm oé&ffect.

Mg:Ag (10:1) followed by a Ag cap evaporated through a ) )

shadow mask with 0.5 mm diam holes. The electrolumines- ~ 1his work was supported by the New Jersey Commis-

cence(EL) spectrum showed that light emission was exclu-Sion in Science and Technolog@rant No. 082-2042-007-

sively from the Al layer. All lenses used for effective sub- 6130 and the NSRGrant No. ECS 96-12281

strate shaping have a radius of curvature of 2.0 mm and a

height of 1.5 mm, placing the OLED exactly at the center of

the curvature. They were made from the same material as th&\. C. Greenham, R. H. Friend, and D. D. C. Bradley, Adv. Mae#91

substrates, and were attached with index-matching oil. 28.92?Madigan, M-, Lu, and J. C. Sturm, Appl. Phys. L&t 1650
Direct measurement of the substrate and ITO/organic ;o0

waveguided light is difficult; therefore, we devised a method 37. Tsutsui, MRS Bull.22, 39 (1997.

that indirectly measures the ratio of light emission into the :J- Kido and Y. lizumi, Appl. Phys. Letl73, 2721(1998. )

extemnal modes over that into the substrate modes, Le..) IS0 11, Yane MO tamur, T wanrbe T Tl
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