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We present an integrated classical and quantum-mechanical theory of weak microcavity effects in layered
media that treats both radiative and waveguided modes. The electromagnetic field of radiative modes is
determined using classical field quantization, with the transition probability into each mode given by Fermi’s
“golden rule.” We apply this theory to model the dependence of the electroluminescence spectral intensity and
polarization of organic light-emitting devicd©LED’s) on emission angle, organic layer thickness, and ap-
plied voltage. Light propagation in the OLED layers and the substrate is described by both ray and wave optics.
Theoretical predictions are compared to experimental observations on single heterostructure, and multiple layer
stacked red-green-blue OLEDSs. Analysis of the polarization, spectral shape, and intensity of the electrolumi-
nescence spectrum in the forward-scattered half plane accurately fits the experimental data. The theory pre-
dicts, and the experimental measurements confirm, that the in-plane emission from conventional OLED struc-
tures is strongly TM polarized, and can be redshifted by as much as 60 nm with respect to the peak emission
in the normal direction. Measurements coupled to our analysis also indicate that the efficiency of generating
singlet excitons in aluminurtris(8-hydroxyquinoling (Algs)-based OLED’s is &1 %, with a~500-A-thick
Algs layer corresponding to the highest external power efficie[8§163-18208)04532-9

[. INTRODUCTION emission of radiative dipoles in layered media using two
different theoretical approaches: one classical and the other
Light generated by an organic light-emitting device based on quantum mechanics.
(OLED) is due to the radiative recombination of excitons on The most complete classical picture was presented by
electrically excited organic molecules. The radiative lifetimeChance, Prock, and Siblgwhere the radiating molecule is
of these excited molecular states can be strongly influencetleated as a classical oscillating dipole. The radiation field is
by the device structure. Since the thin dielectric moleculadescribed by constructing a Green'’s function for the layered
layers of an OLED are bounded by metallic electrodes andlielectric medium containing the oscillator, where the total
other reflective surfaces, this structure acts as an optical mradiative energy is calculated by integrating the Poynting
crocavity for the emitted radiation. The microcavity deter-vector in the forward scattered direction. This approach was
mines the electric-field mode distribution, thereby modifyingshown to accurately describe the radiation of a dye molecule
the exciton spontaneous emission lifetfmend hence the near a metal mirror for dye-metal distances as small as 100
quantum efficiency. This, in turn can modify the spectralA.® More recently, the same theory was used to describe
width? and distribution of the emission intensityin opti-  changes in exciton radiative lifetimes in luminescent,
cally pumped organic microcavity structures with reflectivevacuum-deposited molecular organic thin films used in elec-
mirrors, lasing action has been obserfedowever, even trically pumped OLED’S. A similar classical treatment us-
weak reflections in a conventional OLED structure are suffiing wave optics and a transfer matrix formalism at the di-
cient to form a microcavity that can significantly influence electric boundari¢€ was shown to agree with measured
device luminescence propertie€onsidering the ubiquity of changes in the emission intensity with layer thickmess,
microcavity effects in OLED’s, it is important to describe and spectral narrowing in microcavity structuté<lassical
them with a comprehensive theoretical model, coupled to amave optics applied to a Fabry-®¢ etalon was also shown
equally comprehensive set of experimental data, which is theo describe spatial variations in the emission intef3iand
focus of this study. spectrum-®
The earliest theoretical description of microcavity effects In the quantum treatment, the electromagnetic field in a
was presented by Purc®ivho predicted the modification of layered medium is represented by the sum of eigenmodes,
the spontaneous emission rate for a dipole in a onewhere the transition probability into each of the modes is
dimensional cavity. Since then, a number of stuiifsex-  determined via Fermi’s “golden rule.” This approach is con-
amined changes in the rate, spectrum, and directionality ofenient for structures with a large number of layers, and has
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been successfully used in calculating the emission spectra of SURFAGE

emission

Al(GaAs/GaAs (Refs. 10 and 1)jlvertical cavity surface-

emitting lasers and light-emitting diodes. A shortcoming of 2

this quantum-mechanical approach is that it does not account yz

for nonradiative losses to the metal electrodes, or to absorp-

tion. However, it was shown by the Green’s-function N

analysi$ that nonradiative losses primarily affect the total SR ey "

rate of radiative emission, while only weakly influencing the i

electric field inside the microcavity. Glass Substrate T
For a full understanding and a convenient description of \Q

,
.. OLED issi
the complex radiation pattern observed for OLED’s, a com- N~ ~<N.E\D?5=Eg}"§)sm

bination of both approaches is desirable. The quantum-
mechanical description gives a simple form for the electric z

f|e|d W|th|n the mICI’OC&VIty, Where Fel’ml'S “gO|den I’U|e” FIG. 1. Schematic d|agram of a conventional OLﬂm) a|0ng

can be applied to predict transition rates. The numericallyyith the various radiative modes generated within the structure
more involved classicalGreen’s functiop treatment can (righy.

then account for the rate of nonradiative energy losses to the

our theoretical eatment we use this combinaton of el €lectioluminescentEL) layer of aluminum tis(z-
guantum and the classical pictures to completely describe t@droxyqumolme) (Algs) with a ref_ract|ve index offiag
dependence of emission on angle and polarization. Addition- 1',72’_ and a hole transport_lng . laye(HTL) _of
ally, waveguiding effects are model&t® and their polar- 4+ 4 -DisiN-(1-napthy}-N-phenyl-aming biphenyl (a-NPD)
ization dependence is described. Our theoretical predictiondith Nnep=1.78. The bilayer structure typically has a total
are compared to experimental measurements on conventiorfgickness of~1000 A The organic materials are sandwiched
molecular organic single heterojunction OLEB%as well ~ between a 500-A-thick Mg:Ag cathode with a 1000-A-thick
as a significantly more complex stacked multicolor OLEDAJ cap, and a transparent, 1600-A-thick indium-tin oxide
(SOLED).?° This approach accurately predicts the measuredITO) anode withn;ro=1.8. The entire structure is grown on
changes in the TE and TM radiation spectra with the changa ~1-mm-thick glass substrate. The EL is generated within
in emission angle and organic layer thickness. We model ththe weak microcavity formed by the highly reflective top
in-plane emission, which is strongly TM polarized, red- metal electrode and a less reflective ITO/glass interface.
shifted, and spectrally narrowed as compared to the surface
normal emission, along with the change in the ratio of inte-
grated surface-to-edge emission with the change in organic
layer thickness and applied current. The agreement between Electroluminescence is due to the radiative recombination
experiment and theory allows us to suggest OLED structuresf Frenkel exciton® within the organic layers. The excited
that can result in enhanced emission in the forward-scatteremiolecular state can undergo radiative transitions at\\fe
direction. Finally, we compare the measured and predictednd nonradiative transitions such as internal conversion and
emission spectra of the three color-emissive elements in itersystem crossing, at rai&;. By measuring the fluores-
complex, fourteen-layer SOLED as an example of the accueence quantum efficiency of emissiag for a thick slab of
racy and versatility of this theoretical approach. the radiative organic layét, the influence of microcavities

To our knowledge, this is the first Complete theoreticalcan be ignored and thetrinsic rates’WgEWO andWﬁR, are
treatment of changes in the exciton lifetime and the anglegetermined via
dependent radiation spectra of dielectric structures that con-
siders both radiation and waveguide modes, and their depen- _
dence on polarization. Differing from most other theoretical 70=Wo/(Wo+ Wig). @
treatments that focus on strong microcavities, here we emy,
phasize weak microcavity effects that dominate the perfor
mance of conventional OLED'’s.

This paper is organized as follows: In Sec. Il, we describ
the OLED structure and present a general theoretical descri%]
tion of waveguide and radiative modes in layered media fo
TE and TM polarized light. Experimental details of device

X

AVEGUIDE
modes

U3

B. Exciton recombination processes

ithin a microcavity, the exciton can transfer its energy ei-
ther to the externally radiated modes, or to the waveguide
modes propagating in the plane of the structure with rates,
r and W,q4, respectively. Furthermore, a fraction of the

ectromagnetic radiation is lost to the metal cathode via
honradiative dipole-metal energy transfer, and excitation of

o . surface plasmons. The energy transfer rates for these two
fabrication and measurement are presented in Sec. Ill, and P 9y

) L processes are given Wpy_ andWsgp, respectively. Assum-
Sec. IV the theoretical predictions are compared to experli—ng that the placement of an exciton inside the microcavity

mental measurements. In Sec. V we apply this theory to un; inimally affects the nonradiative transition rate, thaRy

derstand the emission from a multicolor, multilayer stackeof:Wo In this case. the total recombination rate of an exci-
OLED. Conclusions are presented in Sec. VI. NR® ’

ton in the microcavity is

Il. THEORY

Wror=Wgr+W,,q+Wp.y+ Wgpt WyRr.- 2
A. Archetype OLED structure TOT— TR T Twg T TTD-M 7 TSP T TINR @

We apply our analysis to the OLED structure shown inWe now discuss all of these processes, first presenting the
Fig. 1. The device consists of an electron transportEgL) derivation of the rate equations for radiation modes.
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C. Radiation modes glass/air boundary has to be taken into account. Bor
The one-dimensional electric field distribution of a radia- =0°» EAs.(4) and(5) are equivalent, as expected. .
tion mode along the normak direction, in an OLED is Although the above derivation assumes lossless media

found using Maxwells equations that satisfy standarg@nd lossless mirrors, Eqg) and(5) can easily be extended
boundary conditions across the various dielectric layer interl® determine the radiation pattern in the presence of IoSses.
faces. To simplify the analysis, the metal cathode is initially "€ quantum efficiency for radiative emission is given by
treated as a perfect reflector. Propagation in the glass sub- _
strate is determined using ray optics since the substrate thick- 7R =Wg/Wror, 6)
ness is much larger than the wavelength of light. Interferencghere the detailed influence of the nonradiative transitions
due to reflections from the two substrate surfaces can thus t(WD_M and Wsp on the emission spectrum depends on the
neglected. dispersion in the complex refractive index of the metal elec-
Each radiation mode can be described by a wave véctor trode. Typically, for dipole-electrode distances greater than a
representing a sum of incoming and outgoing plane wavesew hundred angstroms, the dipole-metal nonradiative en-
The radiation intensity emitted by an exciton into an eigen-ergy transfer and excitation of surface plasmons minimally
modek is proportional to the transition probability rate into affects the electric field distribution within the microcavity

this mode given by Fermi’s “golden rule:” and the shape of the emission spectrum. We therefore also
5 use Egs(4) and(5) in the presence of nonradiative losses.
dw= TW IFmnl28(En— Em—hv). 3 To obtain the radiation spectrum within solid angl?,

of a luminescent source embedded in a layered structure, we
need to know its intrinsic radiation spectrum along with its
spatial distribution within the EL layer. For each wavelength
and distanced, we can then calculate Eq$4) and (5),
weighted for the relative spectral intensities of the intrinsic
radiation spectrum, and the exciton density within the EL

Here, F,, is the electric dipole matrix elemen{n|u
-E(k,z)|m), where u is the dipole moment an& is the
electric field for modek at the positionz. £, and &, are
energies of the initial |(n)) and final (n)) exciton states,
while v is the frequency of the emitted photon. Summing
over allk, we can determine the total radiative dipole life- layer. . L
time. For an amorphous material, averaging over all dipole _AS is generally the case, we assume that all radla_mon
moment orientations is also required. originates from the excitons in the EL layer. After being

For the archetype structure of Fig. 1, we derive transitio enerated at the ETL/HTL interface, excitons diffuse into the
rates into TE modes polarized in the p’Iane of the substratlﬁl' layer, reaching a steady state, exponentially decaying dis-

and the TM modes. For radiative TE modes, it is convenienEhbljtion Wi.th cha_ractgristic width gec, .that is on the order

to express the transition rate througk, while for the ra- of thezzexcnon diffusion lengtiLp (typically ~200 A for
diative TM mode it is more convenient to use tHg com- Algy).” An accurate de_scnptlon df'RE_C wou_lo! take Into
ponent of the magnetic field.Here, the subscript refers to account the spatial profile of the density of injected carriers

the in-plane component of the particular field, and b&th in the ETL as a function of the voltage applied across the
and Hy represent ratios of the fields at the position of theo!‘ED' As will be shown_below, however, we opserve that
this effect produces minimal correction to the final result,

exciton to the fields in free space outside the layered struc -
ture. Determining the electromagnetic field in the layere nd therefore we assunigyec=200 A throughout our cal-

structure and applying Eq3), we obtain the following ex- culations.
pressions for the radiation rate into solid angl€), within
the glass substrate: D. Waveguide modes
For TE modes: The light generated in the EL layer can reach the ITO/
1n glass interface where it is either refracted into the glass sub-
dWEE=W, — _© |Ey|2dQ); (4)  strate contributing to radiation modes, or it is reflected back
4m ny into the OLED structure, contributing to waveguide modes.
for TM modes: This process is governed by the angle and polarization of the
light incident at the ITO/glass interface.
1 [nd ng |dHy|? The waveguide modes are guided in both the ITO and the
dWR"'=W, a7 ns sir? ®|HY|2+n5—k2 a4z }dQ. organic layers. A~2500-A-thick asymmetric ITO/organic
M M™0

5) waveguide can support up to five TE and TM eigenmodes at
A =520 nm(corresponding to the peak emission wavelength
Here,ng is the refractive index of the glass substratg,is  of Algs). The total electromagnetic field intensity does not
the refractive index of the organic layef@ssumed for sim- vary strongly over the waveguide thickness, since TE modes
plicity to be approximately equal for both the ETL and have minima near the metal electrode, where TM modes are
HTL), O is the angle between andk in the substrate, and at a maximum. Therefore, the rate of energy transfer from
ko=2m/\ is the wave vector in free space at wavelength the excited dipole into the waveguide mod&¢,(,) is only a
These expressions implicitly depend on the wavelength ofveak function of the dipole position.
the emitted light and the spatial position of the radiating To calculate the transition probability into the waveguide
dipole (given by distancel from the metal electrode; see Fig. modes, we use the same analysis as for the radiative modes.
1). FurthermoreEy andH, also depend o®. To obtainthe The only difference is in the normalization of the eigen-
spatial distribution of radiation modes in air, refraction at themodes, sincd is now a two-dimensional wave vector in the
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plane of the structure. The density of states for the guided ' ' ' ' ' ' ' '
modes isA d?k/(27)?, whereA is the unit area. To deter- ! Waveguide Thickness = 2500 A
mine the energy density of states, we need to know the group 14 ‘ .
velocity, v=S/U, whereS is the energy flux per unit length I 1

perpendicular to the propagation direction, dhds the en-
ergy density per unit aréd,such thatUA=hv. Hence, to
obtainw, it is only necessary to calculate the Poynting vector
of the guided waves. A benefit of this approach is that we do
not need to calculate the amplitude of the guided waves, I
since in the final expression the electric field amplitude ap- 4l
pears simultaneously in the numerator and the denominator. r
After averaging over all directions of the transition dipole e

Z - dipole

Average of X,Y,Z dipole contributions

XY - dipole

(WTOT - WNR) / WO

moment, we obtain for the transition probability into 0 ' : - )
waveguided TE and TM modes: 0 200 403 Al 600 800
TE modes:

5 FIG. 2. Calculations of the total rate of energy transM &)
W E=W. ™ |Eyl . @ from an Alg; exciton into various radiativeWg ,W,g) and nonra-
we 0 2nyko [|Ey|?dz’ diative (Wp_y ,Wsp processegexcluding internal-conversion and
intersystem crossingWygr) as a function of the exciton distance

TM modes: from the metal electroded]. The total waveguide thickness was
9, 2 ) 4.2 ) held constant at 2500 A. The experimental measurements of Ref. 1
WM W m  (ng/ny)|Hy|*+ (1inyk)|[dHy /dZ] are also shown.
"9 0 2nyko J(IHy[?/nf)dz

(8)  =600-800A. At larger distance¥yror— Wyr changes by
no more thant 0.5W,, due to the combined effects of inter-
ference of radiative modes and the redistribution of the
waveguide mode fields.

The presence of the metal electrode can strongly affect

The integrals in the denominators of E(#). and(8) are over
the transverse distribution of the guided mode, whegrés
the refractive index of the corresponding layerganic, ITO,
or glasg. In this case the fields are not normalized as in Eqs

(4) and (5). The radiation pattern of waveguided modes isthe ratio of the total normal-to-edgé-plang emission of a
isotropic in the plane of the structure. radiative dipole. For smatl, the metal electrode mirror sup-

To calculate the total-energy transition rate into theP®SS€s the dipole radiation in the vertical direction since the

waveguided modes, we first calculate the number of guidegogndary conditions at the surfa}ce of an ideal reflector re-
modes supported by the OLED structure for each of théluire the absence of the tangential component of the electric
wavelengths in the emission spectrfhe transition prob- field. However, the change in the total radiation probability

ability into the waveguide modes is then calculated for eactinto both the waveguide and radiation modes is much less
allowed wave vector as a function of dipole positibnsing affected by proximity to the electrode since the electric field
Egs.(7) and (8). of the TM modes has its maximum near the mirror.

E. Nonradiative energy transfer and surface plasmons . MEASUREMENT TECHNIQUE

s . . . AND SAMPLE PREPARATION
Nonradiative energy transfer is due to the near field inter-

action of the radiative dipole with the lossy metal electrode, The theoretical predictions were tested by measuring the
and strongly depends on their relative positions. A seconghhotoluminescence and electroluminescence spectra of a se-
process of coupling to surface plasmon modes of the metales of Mg:Ag/Algs/ a-NPD/ITO OLED’s with different or-
electrode occurs for both lossy and lossless electrodes @fanic layer thicknesses. The detection an@levas varied
metals with finite negative dielectric constants. This termfrom 0° (emission normal to substratéo 90° (edge emis-
decreases exponentially with distance from the electrode. sion). A broad area (12 12 mn¥) silicon photodetector was
Our simple theoretical model does not take into accountised to measure the integrated spectral intensity. For
these losses to the metal electrode. They can, however, lpplarization-sensitive measurements, a linear polarizer was
described classically by constructing the Green’s function foplaced in front of the detector. The EL and PL spectra were
the electric field inside the layered medidrasing the com-  collected by a single lens with a full angle acceptance cone
plex dielectric susceptibility of the metal layer. In Fig. 2 we of 15°, and focused onto the entrance slit of a 0.275-m single
use this method to calculate the dependenceWsfyr  grating spectrograph with a 0.5-A spectral resolution using a
—Wyr on distanced from the Mg:Ag cathode in an charge-coupled devic€CCD) array detector. A pulse0
Alqgs/«-NPD OLED with a combined ITO and organic layer Hz) nitrogen laser was used as the- 337 nm photoexcita-
thickness of 2500 A. High values &f/;or—Wyg Near the tion source in the PL measurements.
electrode are due to the increaseVif.y, . The average of The OLED’s were grown by high vacuum (10 Torr)
rates forx-, y-, and z-oriented dipoles is in agreement with thermal evaporation onto the surface of a precleaned, ITO-
earlier measurements of exciton recombination times in theoated(1600-A-thick layey glass substrate using techniques
vicinity of a metal interfacé. The value of Wror—Wyr  described previousl§? A 12X 12 mn? substrate was used
quickly decreases with distance, and approadhgsat d with all of the edge facets polished to reduce scattering. The
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MATERIAL THICKNESS [A] n . . T
v, Ag 1000 — 0 PL E540- i .
.. M 1000 2 08 [ % %§é’§ !
N\ Ald, 170 1.72 % & 530f P
— gg 3%DCM2in Alg, 330 1.72 E o6l & §§ |
g /////////A o-NPD 540 1.78 § 520200 400 600 800
L<>t) VB — ITO 490 2.02 s Alg, Thickness [A]
S F CuPc 80  1.5+0.8i g 04p i
g ////////% uaa @ o-NPD 250 1.77 S ©=0°
Alg’,0Ph 390 1.66 i |
OSE =e Al20|3 50 1.72 0.2
Ry i — Mg:Ag 80 -
2 : Z 8 Alg, 540 1.72 0.0 ! ) ! . L
g % //// g 3 oNPD 445 177 450 500 550 600 650 700 750
é Y E —_— ITO 1600 1.8 Wavelength [nm]
Glass “imm o 145 FIG. 4. Photoluminescence spectra@t0° of three devices

with the following structure: glass substrate, 1600-A ITOx-A
FIG. 3. Schematic diagram of a stacked OLED, listing materi-Alg;, 500-A Mg:Ag, 1000-A Ag. Inset: Peak PL emission wave-
als, thicknesses, and refractive indices of the layers. length as a function of Alglayer thickness for structures with

. . . . open circleg and without(solid triangle$ metal cathodes.
organic materials were layered as in Fig. 1 where a 500—,3\E P g ( gles

thick a-NPD HTL was first deposited, followed by 200 A to the PL spectra a®=0° of a series of devices of different

950 A Otf AI?3' whicr served 1%30 ?&OEE. IlE(L and EITL' Forfthicknesses of Algl with and without a reflective metal elec-
Znéel’-dsi‘?N-cgrbai?)% ef?én aII(CBP) ;Nc’:_lS Icrowr?e:)% thzy,ilr *'trode, are compared. The Aldayer was excited by a
' pheny 9 g 1=337 nm, 1-mm-diameter spot incident through the sub-

SMugrfi(g:]eélI-cl)—canjai%%%?’ﬁ\-(t:r?igil,SAtlgn?ay%fr %iﬁfﬂfgésiztga strate, positioned beneath the metal electrode. The 15-nm
through a shadow mask defining 1-r’nm-diameter circulashift in the peak PL emission wavelength with a 200-800-A

electrodes. The set of samples used in Fig. 12 employed g'ange in Alg thickness(open circles in the inset of Fig) 4
50-A-thick copper phthalocyanin€CuPd layer grown on 1S attributed to'reflectllons from the f:a_thode that result in the
top of the ITO, and a 350-A-thick-NPD HTL, to reduce the pronounced microcavity effects. This is supported by the PL
device operating voltage. For PL samples, the HTL andspectra collected in regions not covered by the cathode,
CuPc layer was omitted. Layer deposition rates ranged frorghowing no peak shiftsolid triangles in the inset, Fig.) 4
1-5 Als. Similarly, the spectral shape of ti&e=0° EL emission is
For the three color emitting, stacked OLED discussed irmalso influenced by the thickness of the Alayer, which
Sec. V, the first ITO layer was photolithographically pat- determines both the length of the microcavity and the posi-
terned to form the electrodé; on top of which the remain- tion of the OLED active region within the microcavity. A
der of the device structure was grown through a set of six0-nm redshift in peak EL emission is observed in Fig. 5
shadow masks, as described elsewR&r&he completed
structure with layer thicknesses and their corresponding re- L
fractive indices is shown in Fig. 3. The SOLED contains a 10 EL T
conventionak-NPD/Alg; green emitting device with a semi-
transparent Mg:Ag cathodé&/f) on top of which is grown a
bis{8-hydroxyquinaldine aluminum phenoxide
(Alg,0Ph)/a-NPD blue organic inverted LEDOILED)
(Ref. 29 with a CuPc “protection layer” at the anode. The
OILED anode ¥3) is an ITO layer grown by low-power
sputter deposition. This layer simultaneously serves as the
anode of the red emitting device. The red OLED consists of »
an a-NPD HTL, an Alg luminescent layer 3% doped with 02 L
an organic dye DCM2, an Algcontact layer, a Mg:Ag cath-
ode (V,), and a Ag cap layer? Red light emission originates 0 . l l )
from DCM2 molecules that are excited via rster energy 450 500 550 600 650 700 750
transfer from Alg. The 1000-A-thick Ag cap-layer inhibits
top electrode oxidation. Electrod&s, V,, V3, andV, are
independently addressed, allowing for independent intensity FIG. 5. Electroluminescence spectra@st 0° of three OLED’s

o
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{to 200 A Alg, spectrum)
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control of the green, blue, and red emissive elements. with the following structure: glass substrate, 1600-A 1TO, 500-A
a-NPD, xxx-A Alg;, 500-A Mg:Ag, 1000-A Ag, and with Alg
IV. RESULTS AND DISCUSSION layer thickness of 200, 350, and 500 A. The theoretica(tfild,

dashed lingto the electroluminescence spectrun®eat 0° for the
OLED with a 200-A-thick Alg, layer (solid line) is shown. Inset:

The contribution of the metal electrode to microcavity Peak EL emission as a function of Altayer thickness compared to
effects in the OLED structure is evident from Fig. 4, wheretheoretical predictions.

A. Dependence on layer thickness
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when the Alg thickness is increased from 200 to 500 A. 450 500 550 600 650 700 750

T T T T T T

To compare these experimental observations to our theo- 1 @=0° o
retical model, we modify théntrinsic Alg; emission spec- L TE
trum according to Eqg4) and(5) to fit the spectra at differ- "

ent layer thicknesses. A =0°, Egs.(4) and(5) are equal 0L
and can be used to find/y in terms of Wr. The intrinsic
spectrum is determined from a device with the thick&80

A) Algs layer, and is used as the basis for all theoretical fits
in Figs. 5 through 12. The theoretical predicti@hown by : :
the dashed line in Fig.)Sfor the ®=0° EL emission of a oatonng o<
device with a 200-A-thick Alg layer is in reasonable agree- G'SZL‘E;%
ment with the experimental measurements. The minor differ- 0 /\i
ences in the measured and predicted spectral width are pri- . : .
marily due to the nonzero acceptance cone of the 1
spectrograph. The peak EL wavelength for this and other

Algj thicknesses along with the theoretical predictisolid

line) is shown in the inset of Fig. 5. Comparing Figs. 4 and 5, 450 500 550 600 650 700 750
we find that both the trend and magnitude of the spectral (a) Wavelength [nm]

shifts are similar whether the emission is via EL or PL. This

is strong evidence that microcavity effects induced by the — T T 1 T 1

Codt 1L

T T T T

TR R

T T T T

Intensity [arb. units]
[=3

T T T T
T R S B |

LI B M
T R S B |

reflective metal electrode are responsible for the shifts in 10
both cases. .
2
T
3
B. Dependence on emission angle and wavelength E‘

The angular dependence of both the TE and TM polarized *§ 05

EL spectra of an OLED with a 500-A-thick Algayer is g
C

shown in Fig. 6a). These spectra were obtained by placing
the flat face of a glass hemisphere in contact with the sub-
strate, wetting the gap between the lens and the substrate
with an index-matching fluid to avoid reflections. The OLED

was positioned at the center of radius of the hemispherical 0 : : : : o5 : — : 50
lens. By this means, light refraction at the lens/air interface 450 500 550 600
was avoided, and the angular distribution of radiation in air Wavelength [nm]

was identical to that in the glass substrate. The experimental FIG. 6. () TE and TM electroluminescence spectra as a func-
measuremem(SO“d lineg and the theoretlcoal prediction tion of exit angle,®, for an OLED with the following structure:
(dashed linesfor TE and TM spectra a® =65° are shown  gas5 substrate, 1600-A ITO, 500-&NPD, 500-A Alg,, 500-A

in Fig. 6(b). The theoretical predictions are in equally good pg:ag, 1000-A Ag. (b) Theoretical fit of the TE and TM spectra at
agreement for other directions as evident in Fi@ Where  g=g5e.

the change in the peak wavelength of both TE and TM emis-
sion as a function 00 is compared to the theorfgolid and  observed shift in that earlier work can be associated with the
dashed line fits Figure qb) shows the ratio of the TMto TE change in waveguide modes with layer thickness.
mode intensity as a function of angle, which is also in agree- In conventional OLEDs, we note that tke~90° directed
ment with calculations shown by the solid line. The angularight can originate fromeither radiative or waveguide
dependence of the EL spectra is a strong function of thenodes. The contribution to these spectra of the waveguided
device layer thickness and refractive index. Hence, these fitight was investigated by estimating and measuring losses in
provide a rigorous test of validity of the analysis. the ITO/organic waveguide core. In modeling the electric
Especially interesting is the spectral emission from thefield profile of the waveguide modes, we note that the mode
substrate edge & ~90°. This radiation is observed to be tail is absorbed by the metal electrode that forms one of the
nearly completely TM polarized, and is narrowed and redwaveguide boundaries. The strong metal absorption contrib-
shifted with respect to the spectrum in the normal directionutes to propagation losses that are estimated to be
Figure 8a) shows the®~90° TM emission spectra as a ~1000cm . This loss is obtained using the waveguide
function of Algs thickness for the same series of OLED's asequation for the propagating mode with the complex dielec-
studied in Fig. %a). For all devices, the spectral full width at tric constant of the metal, along with the fraction of the eva-
half maximum is 50 nm, as compared to 100 nm@t nescent mode intensity coupled into the electrode. Such high
=0°. A 30 nm redshift occurs when the Altpyer thickness losses imply that virtually all of th€ ~90° emission origi-
increases from 200—500 nm. Previous measurements of thetes from the radiative modes. This conclusion is in agree-
®~90° emission spectra of an Algandwich structure with  ment with edge emission measurements of OLED’s grown
Au:Ag and Mg:Ag metal electrodésshow a shift in peak on substrates with a patterned ITO layer, where the ITO does
emission with the change in the organic layer thickness. Theot extend to the edge of the glass substrate, as shown in the
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FIG. 7. Measureda) peak TE and TM emission wavelength and
(b) TE to TM integrated intensity ratio V@ of the OLED from Fig. 1.0
6 (symbolg, compared to calculationsolid and dashed lings
experimental configuration illustrated in the inset of Fig. g 08
8(b). In this case, the waveguide modes emerge from the end g
of the ITO layer, while the radiative modes exit from the 06
edge of the glass substrate. The cathode was positioned from &
1 to 3 mm from the edge of the ITO layer, which inturnwas & g4
2 mm from the edge of the glass substrate. Even for the g
shortest ITO-to-edge distance of 1 mm, no emission from the 0.2
ITO layer edge was observed, implying no contribution from '
the waveguide modes to the edge emission. When a thick ”
absorptive organic layer was grown over the ITO layer edge 00 om0 ms0  so0  es0 700 750

in order to attenuate the waveguide mode contribution to the
edge emission spectrum, the resulting spectral shape, polar-
ization, and intensity were unchanged. From this we con- FIG. 8. (a) Edge-emitted electroluminescence spectraBat
clude that the contribution of waveguided light to the edge~90° of three OLED’s with the following structure: glass substrate,
emission is negligible due to high propagation losses. 1600-A ITO, 500-Aa-NPD, xxx-A Algs, 500 A Mg:Ag, 1000-A
The edge emission spectra are, therefore, primarily due t8g, and Alg layer thicknesses of 200, 350, 425, and 500 A, and an
radiative modes whose polarization dependence and spectf@-ED with the following structure: glass substrate, 1600-A ITO,
shape are explained as follows: The ébslependence of the 500-A a-NPD, 450-A Alg, 100-A CBP, 500-A Mg:Ag, 1000-A
Lambertian distribution of the emission suggests only a weak'd- (b) Theoretical fit(dashed lingto the®~90° electrolumines-
intensity at® ~90°. Indeed, TE polarized® ~90° emission  cence spectrunisolid line) of OLED’s with a_ZOO-A- and_SOO-A_-
is not observed. However, for TM polarization, tBe~90° thick Alq?, Iayer. Inset: Strqcture of the device qsgd to investigate
emission is enhanced due to the FabfydPeesonance con- the contribution of waveguide modes to the radiation spectrum.
dition inside the waveguide core, where the electric field
(Ey) is proportional to 1D with

Wavelength [nm]

decrease in Alg layer thickness, the cutoff wavelength is
blueshifted, which explains the observed position in &he
~90° peak EL emissiofFig. 8a)].

For ®~90° emission, the measured EL spectrum is very
sensitive to small changes in the angle of observation. There-
fore, in Fig. 8b) the calculated radiative mode spectra for
TM polarized radiationdashed linesare averaged over the
P° median angle of the detector acceptance cone. The agree-
ment between the experimental and calculated spectra is ap-
parent. The luminescence peak and long-wavelength cutoff
are sensitive to the waveguide thickness, while the spectral

wg o ) ; width is dependent on the detection angle. The estimated
=k, the characteristic equation for waveguide modesntensity of the TE polarization is nearly two orders of mag-
given byD=0 is satisfied, and a mode wikt{® propagates nitude smaller than shown for TM modes.
within the waveguide. Therefore, i~k , thenD~0 for We also considered the possibility that the edge emission
k, =k —6k, , resulting in a largeEy for this k, , and a is due to radiative recombination of excitons within a thin
non-negligible® ~90° emission. For our structure, the ob- damaged layer of Algjlocated near to the metal electrode.
served maximum in the edge emission spectrum coincideShe damage may occur during metal deposifibproducing
with the cutoff wavelength of the first TM mode. With the molecular fractions or other compounds that redshift the

D=1—R;R, exp(2ik, t). (9)

Here,R; andR, are the reflectivities of the cathode and the
glass/ITO interfacek, is the component of the propagation
vector normal to the substrate, ahis the waveguide core
thickness. In this caseR; and R, differ for TE and TM
modes. At the cutoff frequency of the waveguide, the norma
component of the propagating mode wave vectdis then
wave vectors withk, =k§ — sk, will contribute to ®~90°
radiative emission. In general, for certain values kof
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FIG. 10. Ratio of EL intensities in the direction normal to the
substrate face to that emitted from the edge of the substrate
(Psurtacd Peggd Of four OLED’s with the following structure: glass

FIG. 9. Edge-emitted TE and TM electroluminescence spectra aiggztr';lti‘ 160%"8;\'”?‘ SO%A'L\IPD’ Xxx-ff;gBéigoégAg:Aglego
®~90° direction of an OLED with the following structure: glass “A Ag, and Alg layer thiCknesses o ' ' » an

substrate, 1600-A ITO, 500-&-NPD, 500-A Alg, 500-A Mg:Ag, A, compared to the theoretical predicti(lﬂashgd Iin}ed?scussgd in
1000-A Ag at three different applied biases of 8(abrresponding text. Inset: Experimental setup used to obtain data in the figure.
to 1~10 % Alem?), 12 V (1~10' Alcm?, and 18 V (
~10 Alcn). sities from the substrate surface®,,cd (collected by the
“surface detector’) to that from its edges® 449 (collected
spectral emission. The immediate proximity to the metalby the “edge detector” and multiplied by foyras a function
electrode would quench th@=0° dipole radiation in the of Alg layer thicknesga-NPD thickness-500 A). To cal-
damaged layer, thereby modifying only tie~90° spec- culate the ratio of the surface-to-edge emission, we integrate
trum. To prevent formation of such a damaged layer, a 100Egs. (4) and (5) over both wavelength and solid angle. All
A-thick nonemissive, electron injecting CBP cap |&yevas  radiation into the waveguide modes is absorbed as discussed
grown on top of the Alg prior to electrode deposition. The above, while in the absence of scattering the light that un-
edge spectrum of the CBP-capped OLHHy. 8@a)] is simi-  dergoes total internal reflection at the glass/air interface can
lar to that of uncapped devices, although it too is somewha@nly be emitted through the edge facets. The absorption of
redshifted since the waveguide thickness is further increasei@diative modes by ITO is negligible in our experiment,
by the CBP layer. The existence of a damaged;Adger is ~ Where the 1X 12-mn¥ glass substrate is-1 mm thick. For
thus not necessary to explain the observed spectral shifts. & glass refractive index of 1.45, 10%-20% of the total radia-
We further consider the possibility that the spectrally nar-tive intensity is trapped in the glass substrate by total internal
row edge spectrum can be attributed to stimulated emissiorieflection. In the fit of Fig. 1Qdashed ling we assume that
However, no change in the spectral shdpay. 9 was ob- the trapped radiation is divided equally between the substrate
served as the voltage across an OLED with a 500-A-thickiormal and edge emission. From these measurements, it is
Alg; layer was changed from 8 {¢orresponding to a current clear that by redirecting the edge-emitted light, the substrate
of 1~102 Alcm?) to 18 V (I ~10 Alcnt). The broad emis- surface emission can indeed be enhanced by 70% to 90%, in
sion spectrum collected over the whole substrate edge exhilggreement with previous studié.
ited no spectral narrowing, although there was 4-fold Figure 11a) shows the decrease Mgy acd Pegge With
linear increase in the output intensity with current, clearlyincreasing drive current for a device with a 510-A-thick Alg
indicating the lack of optical gain associated with stimulatedayer. It is reasonable to expect that with the increase in
radiation. With the increase in voltage, an increase in TECarrier injection, the width of the recombination region in-
relative to TM intensity was observed, presumably due tcside the Alg layer also increases. Assuming that the radiat-
light scattering in the structure. ing dipoles are exponentially distributed away from the
We next compared the external efficiency for the radiatiofHTL/ETL interface over a characteristic lenglhgec, then
emitted normal to the substrate with that from the vertical® suracd Pedge CAN be calculated by integrating Eqd) and
edge facets. Earlier studies on shaped glass substrates stg- over layer thickness, wavelength, and solid angle. From
gested that by redirecting the edge-emitted light, the subthese calculations we obtain the relationship betwegg:
strate normal emission can be enhanced by as much as (80d® g acd Peqge@lso plotted in Fig. 1) (top axig. Com-
+20)% 18 To investigate this effect, the total integrated EL bining the two plots of Fig. 1(), the dependence &fzgcon
emission through the surface and the edge facets of tharive currentl is determined and plotted in Fig. (. An
OLED glass substrate was measured using the methddcrease in the number of injected carriers incredsgs:,
shown in the inset of Fig. 10. Here, two silicon photodetec-until at largel, Lgec—°, implying a flat exciton distribution
tors simultaneously collected the radiation from two devicethroughout the Alglayer. The decrease in the surface emis-
surfaces. Figure 10 shows the ratio of measured light intension with increasing_gec is then due to a shorter average

450 500 550 600 650 700 750
Wavelength [nm]
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though an OLED with a 510-A-thick Alglayer. The calculated o
Dyyracd Peggeratio as a function of the exciton recombination width, FIG. 12. (a) Calculated rate of energy transfer to the radiative

Lrec, is also shown(b) Measured dependencelofecon the drive ~ Modes emitted from the _Surf_aCW(RS”race (dashed ling Also
current. shown are the calculate@olid line) and measuredsymbolg sur-
face emitted radiative efficiencieg$"™?, as a function of Alg

. - . layer thickness(b) Measured OLED power consumption at the
distance between a radiating dipole and the metal electrod(a.rive current of 10 mA/cr (open circlel, and power efficiency,

As dlscusse(tzlheaélller,l for Zm?jl the ?;]etal etlgctlrc()er m_rlc;ror 7S (solid circles, of an OLED with the following structure:
suppresses the dipole radiation in the vertica |r.ec(' D glass substrate, 1600-A ITO, 50-A CuPc, 3506ANPD, xxx-A
Fig. 2_). Thereforg, th_e change in thbsurffice/d)edgewn_h N Alg,, 500-A Mg:Ag, 1000-A Ag.

creasing current in Fig. 18) can be ascribed to the increase

in Lrec. We note that the error in the derived valuelgic _carriers can pass through the device without forming exci-

can be substantial due to its sensitivity to small changes iMons. Therefore. to obtaing, Eq.(6) must be multiplied by
. . . y R, .
Dsurtacd Pegge from device to device. However, a trend of the fraction « of injected carriers that ultimately result in

increasinglrec with | is apparent for all devices investi- singlet excitons. Assuming is a constant independent of

gated. Alg; thickness, and further, that no additional exciton
quenching processes exist, we scale our theoretical predic-

C. Optimizing radiative efficiency tions to match the experimental measurements, and «ind

_ o . N )
In order to maximize the radiative emission and power, 0.05+0.01. The resulting value of (solid line) is plot

o ) ted in Fig. 1Za), together with the experimentally measured
efficiency of _OLED s, we calculated Fhe dependence of thevalues(open circles Thus, ~12% of singlet excitongin an
output coupling on a number of device parameters such

Algs, @-NPD, and ITO thickness and refractive index, b "OLED with a 500-Arthick layer of Alg) result in a photon

y .
; emitted through the substrate surface.
averaging Eqsi4) and(5) over output angle and wavelength. ™. o o ations foSU™® assume the ITO refractive

T imi t | effici h the rate of ra- . . " )
0 maximize external efficienciand hence the rate of ra index of nj;o=1.8. By modifying the ITO deposition condi-

diative transitiong the exciton must be at the antinode of a . - ; o - R

radiation mode. For the direction normal to the substratet'ons’ It 1S possible to S|gn|f|cantly chan'ge. its refraptwe In-
radiation modes have nodes near to the metal electrodg.ex’ which affects the eff_|C|ency of radiative (_:oupllng. For
Therefore, at the peak wavelength of AlgminescenceX example, fomyro=2.2, 7g Increases by approximately 30%

=520 nm), the antinode is located 800 A from the electrode'” the OP“F“'ZG‘?' structur€’ . .
A principal figure of merit for an OLED is its power

At this distance, Wror—Wyr~W, (Fig. 2), and non- - . ;
radiative transfer to the metal electrode is minimized. Figurj%ff'c'ency‘ The consumed powét increases with the Alg

12(a) shows the dependence of the rate of energy transf yer thickness due to the concomitant increase in voftage.

into the radiative modes that emit through the substrate sur—hIS IS eV|_dent in Fig. 1@ where we ploP (openr::’f)lrcle$
face W) a5 a function of Alg thicknesgdashed ling for the series of OLED's in F!g.. 1@), atl =10 mA/c - We

R (surface)
in an OLED with a 400-A-thicka-NPD layer. As predicted, then calculate the power efficiencyp » using
there is a broad maximum for Alghicknesses of from 600 _
to 800 A, with only a weak dependence on the thickness of P10 = U EChLILy, /g P. (10
the other layers. Since the internal photoluminescence quan- .
tum efficiency of Alg (Ref. 17 is 7,=0.32+0.05, then us- Here,L;, is the average luminance of an emitted photon,
ing Eqg. (1) we infer Wyg~2W, for singlet excitons. The is the average photon energy, agds the electron charge.
radiative OLED efficiency can now be obtained using Eq.For Alg; OLED’s Ly, =435 Im/W of optical output power
(6). However, in an electrically pumped device, both singletandhv=2.3 eV. Using Eq(10) we then find that the maxi-
and triplet excitons are generated, the latter of which do nomum power efficiency of 0.7 Im/W is achieved for devices
contribute to the radiative output. Furthermore, a fraction ofwith 500-A-thick Alg layer [solid circles in Fig. 12b)].
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V. MICROCAVITY EFFECTS IN A STACKED OLED

To demonstrate the general applicability of our theoretical
analysis, we apply it to calculating the EL spectra of indi-
vidual elements of a stacked OLED structure. The SOLED
(Fig. 3 consists of green, blue, and red OLED’s grown in a
vertical sequence on top of al-mm-thick glass substrate
with an ITO anode. Ignoring the small refractive index dif-
ferences between organic layers and the ITO that give rise to
only small corrections to our analysis, this complex,
fourteen-layer structure represents a device with two coupled
microcavities shown in Fig. 3. Reflections from the 1000-A-
thick Mg:Ag cathode and the semitransparent 80-A-thick
Mg:Ag layer form the first microcavity. The second, weaker
cavity is formed due to reflections at the semitransparent
Mg:Ag layer and the ITO/glass interface. : : : : : . . .

Our model requires knowledge of the intrinsic radiation
spectrum of each element of the stacked OLED. The calcu-
lated intrinsic spectrasolid lineg are obtained from the
measured? =0° EL spectrd symbols in Fig. 18)] of dis-
crete red, green, and blue devices with layer thicknesses and
compositions identical to those used in the composite
SOLED. The intrinsic spectra are then used in E4sor (5)
to obtain the® =0° EL emission of the compound SOLED
with the measured layer thicknesses and refractive indices
listed in Fig. 3. We make the approximation that light is
generated uniformly throughout the EL laye(se., the
DCM2:Algs, Alg,0Ph, and Alg layers for the red, blue, and sonagitte : -
green elements, respectively 400 500 600 700 800

In Fig. 13b), calculatedsolid lineg and measuretym- Wavelength [nm]
bols ®=0° EL spectra of individual elements of the
SOLED are comparetf. The generally good agreement is
apparent. The EL spectrum of the blue OLED is shifted and
narrowed relative to its intrinsic spectrum due to the effects
of the upper microcavity, while the red EL spectrum is es-
sentially unchanged by the stack, being far from this micro-
cavity resonance. The spectrum of the green OLED shows a
shoulder at\ =500 nm due to coupling of light into the up-
per microcavity.

Applying our theoretical model to this SOLED structure,
we find that the spectra are insensitive to the thickness varia-
tion of any one layer to within=20%, but they are quite
sensitive to the change in the thickness of the upper micro-
cavity (Fig. 3). For example, a 10% decrease in the thickness 0.0
of this microcavity eliminates the spectral peak shift for the
blue device, decreases the shift for the green device by 10
nm, while the red device spectrum is only marginally af- FIG. 13. (a) Intrinsic luminescence spectfaolid line) of 3%
fected. This can be understood by noting that the narroldCM2 in Algs, Algs, and Al,OPh, derived from th® =0° EL
transmission band of the upper microcavity has-80-nm  spectra of OLED’s(symbolg with respective luminescent layers.
half width with a center wavelength at=500 nm. There- (b) EL spectra a®=0° of the red, green, and blue element of a
fore, the emission spectra of the blue and green devices aféacked OLED(symbolg with structure shown in Fig. 3. Theoreti-
strongly affected by the position of this resonance, while thecal fits that utilize intrinsic spectra froita) are shown as the solid
spectrum of the red device is sufficiently far from the cavityines. (c) Comparison of EL spectra & =0° (symbol3 and ®
resonance to be affected by such minor changes in thickness.30° (solid ling) of the red, green, and blue elements of the stacked

For the SOLED of Fig. 3, we also investigated the changé)'-ED-
in EL emission as a function d® by measuring spectra at
®=30° [shown as a solid line in Fig. 18 together with
®=0° datd. As expected, only the blue element, beingfirming that they are unaffected by cavity resonances in the
close to the resonance of the upper microcavity, shows dielectric stack.
significant variation over this angular range, shifting by 10 Modeling of the complex SOLED structure rigorously
nm. The green and red elements exhibit no color shifts, contests the reliability of our theoretical treatment. Good agree-
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ment with experimental measurements gives us confidenagess, which should be700 A for the highest OLED quan-
that our theoretical model can be applied as a tool for futuréum efficiency, and~350 A to maximize its power effi-
OLED design. ciency.
The versatility and accuracy of the theoretical treatment
VI. CONCLUSION was demonstrated by modeling the luminescence spectra of

. ] ) individual OLED’s in a complex, fourteen-layer stacked
We presented a comprehensive theoretical analysis tha| ED structure. By optimizing the SOLED for color satura-

fully describes the behavior of OLED emission, treating bothtign in the red, green, and blue spectral bands, the spectral
radiative and waveguided modes. Expanding on preViOUaependence on emission angle was minimized.

studies, we determined the dependence of the OLED EL The comprehensive understanding of the directionality

spectral intensity and polarization on emission angle, organigng polarization of spontaneous emission in layered struc-
layer thickness, and applied voltage. We have shown that by,res afforded by this study is essential for optimizing the

redirecting the edge-emitted light, a significant enhancemendmission characteristics of complex OLED structures as well
in the forward scattered radiative efficiency can be achievedys organic semiconductor lasers.

Due to absorption by the metal electrode, waveguided light
is virtually eliminated. Comparing experimental measure-
ments to our theoretical model, we conclude that in electri-
cally pumped Alg-based OLED's, the fraction of injected We thank E. Bose, D. O'Brien, and M. Baldo for assis-
carriers that generate singlet excitons is 5%. The radia- tance with sample preparation. We also acknowledge
tive emission efficiency of the conventional OLED structure DARPA, AFOSR, and Universal Display Corporation for
is found to be strongly dependent on the Algyer thick-  their generous support of this research.
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