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Abstract

A detailed analysis of the optical waveguide modes in organic light emitting diodes (OLEDs) is presented. The
modes are compared with respect to their electric field profile, attenuation coefficient and optical confinement factor.
The first transversal electric (TE) mode is best suited for an optimized energy transfer from emitting dipoles. The
transversal magnetic (TM) modes are characterized by a large plasmon character with high absorption. The propa-
gation constants of distinct modes have been measured in test devices by grating coupling.
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1. Introduction

According to the principles of quantum elec-
tronics, the energy emitted from electronically ex-
cited molecules in a thin film multilayer system is
distributed among all possible optical modes of the
respective frequency [1-3]. If the multilayer system
consists of an optical waveguide structure, these
modes may be divided into radiative modes which
radiate freely into air, substrate modes, and
waveguide modes bound within the layer system.
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Therefore, the rate of spontaneous and stimulated
emission can be written as

W= z]: VVI.,rad + z]: I/Vl,substrale + Z Wi bound

and the respective emission rate into each mode /
is given in the limit of weak coupling by Fermi’s
Golden Rule [4].

A typical organic light emitting diode (OLED)
usually is a waveguide structure, and much effort
has been made to suppress the coupling of energy
into waveguide modes in favour of radiation
modes in order to increase the output efficiency.
On the other hand, for organic lasers or applica-
tions in which an OLED is used as a light source
for integrated optical circuits, the condition has to
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be reversed: as much energy as possible should be
directed into few distinct waveguide modes. In
these modes, stimulated emission is possible due to
the enhancement of the emission rate by photons
already present in these modes, provided that the
gain obtained by excitation exceeds the losses in
the waveguide.

In this article, we present an analysis of wave-
guide modes that occur in typical OLED struc-
tures. Of major interest is the question which
waveguide mode is best suitable for effective pho-
ton feeding by a luminescent layer, i.e. which has
the best coupling to light emitters and the least
absorption losses. In addition to mode simula-
tions, waveguide coupling experiments which
allow experimental access to distinct modes are
described.

2. Theory of waveguide modelling

The general structure of an OLED layer system
is displayed in Fig. 1. A number of organic layers
is placed between an anode, consisting of indium-—
tin—oxide (ITO) with an isolating SiO, underlayer
on glass, and a low-work function metal cathode.
If organic emission materials with large Stokes
shift or low concentrations in a host matrix are
chosen, the major contribution to optical absorp-
tion is the absorption at the conducting electrodes,
which increases towards the infrared region. We
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Fig. 1. Definition of the multilayer system used in the simula-
tion and in the experiments.

chose a red emitting dye (4-(dicyanomethylene)-
2-methyl-6-(p-dimethylaminostyryl)-4H-pyran) in
Alq; (aluminum-¢ris(hydroxyquinoline)) aselectron
transport/emission layer, and AZOPD (N,N'-
bis(phenyl)-N, N'-bis((4-phenylazo)phenyl)benzi-
dine) as hole transport layer, thus confining the
emission wavelength to the red (600-640 nm) [5].
For comparison, we also used a transparent layer
(Spiro-PBD [6]) as electron transport layer. For all
layers we determined the complex refractive index

n=n-+ik

by prism coupling at 632.8 nm (Metricon 2010)
and spectroscopic ellipsometry (Woollam VASE).
The refractive index data that are given in Fig. 1
have been taken as the material parameters for the
simulation.

The calculation of waveguide modes was per-
formed with a transfer matrix method [7,8] using
complex refractive indices throughout according
to the lossy character of the modes. In each layer,
the electric field profile of a mode is written as a
superposition of a right-traveling and a left-trave-
ling wave

E;i(x) = Lyexp(—iki(x — x;)) + R; exp(ikic(x — x;)),

x being the direction normal to the layers. The
corresponding wave vector component is

w |/
— 2 22
k,‘x = ? n= — Ry,

comprising the complex effective index for mode
propagation in z direction which is common for all
layers. The field amplitudes for subsequent layers
are connected via

R\ Riy1
(L,) - D1,1+1PI+1 <Li+l )7

with propagation matrices

xp(—iki (x; —xi-1)) 0
P = <e P 0 exp (ik; (x; le)))

and transmission matrices through the interfaces

1 1 Vil
Dy =— ( Uf )
i1 \ Tii+l

which are given by Fresnel’s formulas. For trans-
versal electric (TE) modes, we have
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whereas for transversal magnetic (TM) modes, we
explicitly calculate the field components in both x
and z directions, i.e.

Fise) = ki, — ko, ey = 2n2ky,
U kg + 3k, U kg, + 3k,
ko, — 3k, 212 ks,
r'T™M(z) = ItM(z) =

225 1 p2F. ) 25 1 22
nlklx + nzklx nlkzx + nzklx

The x component is discontinuous at the interfaces
and perpendicular to the Poynting vector, and thus
important for energy flux.

Waveguide modes have to fulfill the condition
of evanescent fields in the outermost layers

0 & R,
<L0) = HDi,H—lPH—l ( 0+l )

i=0

_ (mu ma\ [ Run
mpy My 0 ’

which translates into the computational task of
finding the minima of log|m;/m,| by screening
the complex plane for the complex mode index 7.

Having found the distinct waveguide modes, the
following quantities are calculated for a compari-
son of different OLED designs:

(i) the attenuation coefficient of the lossy mode
o =2 Im{gy};

(i) the fill factor or confinement factor e which is
the fraction of mode power lying in the active
zone dod which is electron transport/emission
layer just at the interface to the hole transport
layer. Since exciton diffusion lengths are short,
it is assumed to be narrow and given as the dif-
ferential power of a normalized mode at the
emission layer side of the interface, i.e.

od —00

for TE modes, and
etM = / anf dx// anidx ~ ani(xd)éd
od —00

for TM modes, respectively.

Since the optical gain is roughly proportional to
the fill factor and loss is given by the attenuation
coefficient, the ratio ¢/ can be taken as a measure
for the radiation efficiency of a certain mode.

For all simulations, aluminum and the glass
substrate were assumed as boundary half-spaces.
The SiO, thickness was fixed to 23 nm, different
ITO thicknesses between 20 and 300 nm were used,
and the thicknesses of the organic layers were
varied in a wide range, up to the occurrence of four
modes (two TE-polarized, two TM-polarized).

3. Simulation results and discussion

The mode profiles of a representative sample
structure large enough to allow the comparison of
four modes is shown in Fig. 2. In the following, the
general features of each mode is discussed.

3.1. The TE, mode

The fundamental TE, mode is the only mode
that exhibits one intensity maximum located in the
center of the device. It is guided by the high re-
fractive indices of ITO and the hole transport
layer. The overall width of the profile is controlled
by the effective index of the mode: High effective
indices obtained for large device thicknesses give
smaller mode profiles.

From a detailed comparison of different devices
we derived the following conclusions. A thin ITO
layer is advantageous because of two reasons: it
decreases the absorption and it shifts the mode
maximum further towards the emission zone, re-
sulting in a better confinement factor. The mode
maximum can be placed still nearer to the emission
zone by reducing the thickness of the hole trans-
port layer (Fig. 3(b)), up to an optimum confine-
ment factor for hole transporting layers between
50 and 150 nm. On the other hand, this is ac-
companied by an increase of the attenuation co-
efficient (Fig. 3(a)). The best ¢/o ratios can be
obtained for AZOPD layer thicknesses of 300 nm.
Increasing the electron transport/emission layer
thickness improves both absorption behaviour and
confinement, although there is a practical limit due
to the requirement of balanced charge transport.
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Fig. 2. Mode profiles of a sample device allowing four different modes (composition: Al/Alq;: DCM 75 nm, AZOPD 325 nm, ITO 100
nm, SiO, 23 nm, glass): plotted are the transverse electric field for the TE modes and the reverse and longitudinal field components for
the TM modes.
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Generally, TE, modes exhibit a lower attenuation
than other waveguide modes. Attenuation coeffi-
cients lower than 100 cm~! can be obtained.

3.2. The TE; mode

The second TE mode is generally broader than
the TE, mode because of its smaller effective index
and the field amplitude node in the center of the
structure. It exists only in relatively thick layers,
which are unfavourable for charge transport and
thus probably unsuitable for OLEDs. The only
interesting exception are devices with thick ITO
layers which of course contribute to the overall
thickness, thus reducing the need for thick organic
layers. By a balanced layer design, the first maxi-
mum of the profile can be placed close to the
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Fig. 3. Attenuation coefficient and confinement factor for the
TE, mode for different layer thicknesses of AZOPD and Algs.
The thickness of the ITO layer was 20 nm for all simulations.

emission zone, the second one then being concen-
trated at the ITO layer. Depending on the relative
layer thicknesses, the amplitudes can be adjusted
in a way that most intensity is concentrated at the
emission zone maximum. Because of the ortho-
gonality of the modes, this means that the TE,
mode is then mainly concentrated on the ITO side.
Such favourable mode profiles with high confine-
ment factor and low absorption can be achieved
with the help of an additional low index layer
between AZOPD and ITO (Fig. 4).

3.3. The TM, mode

Contrary to dielectric waveguides, the first TM
mode in OLEDs has a higher effective index as the
TE; mode and is essentially a surface plasmon
mode at the cathode surface. The importance of
surface plasmons in OLEDs has been pointed out
recently [9]. Since the TM, mode has its maximum
at the cathode interface, the confinement factor is
quite high, provided that the electron transport/
emission layer is not too thick. On the other hand,
the plasmon modes exhibit a high absorption, the
attenuation coefficient being one order of magni-
tude higher than for TE modes. Typical values are
o = 2000-4000 cm~'. This absorption cannot be
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Fig. 4. Optimization of a TE; mode by inserting an additional
hole transporting layer (n = 1.74, Spiro-TAD [6]). The TE,
mode is centered at the ITO layer (---), the orthogonal TE,
mode has its maximum near to the emission zone. Relatively
large thicknesses are required (Alg; 300 nm, AZOPD 50 nm,
Spiro-TAD 300 nm, ITO 300 nm).
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compensated by the higher confinement factor
which can be concluded from the smaller ¢/« ratios
in comparison with TE, modes. Recent experi-
ments show, however, that plasmon modes can be
used for efficient transmission through otherwise
opaque metal layers by surface plasmon cross
coupling which is a very interesting application of
this mode [10].

3.4. The TM; mode

The TM; mode is a waveguide mode concen-
trated mainly on the high index layers, but retains
some plasmon character due to the coupling via
the Alq; layer with finite thickness. In Fig. 5, it is
shown how the effective indices of the TM, and
TM; modes change with increased coupling. It
should be pointed out here, that the order of the
plasmon-type and waveguide-type modes may be
reversed, if the uncoupled plasmon mode index is
relatively low, which occurs for low-index electron
transport layers (e.g. if using Spiro-PBD instead of
Alqs, see below).

In the TM; mode, the variation of polarization
across the mode profile is very pronounced (Fig.
2). In the hole transport layer, near to the emission
zone, it is completely z-polarized, which is unfa-
vourable for energy coupling, whereas at the ITO
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Fig. 5. Coupling of the plasmon mode and the first TM
waveguide mode by varying the electron transport layer thick-
ness. Shown are the real and imaginary part of the effective
indices. The uncoupled mode indices are 1.788 —0.020i for the
Al/Algq; interface plasmon and 1.749 —0.0003i for the Alq;/200
nm AZOPD/20 nm ITO waveguide.

side it is completely x-polarized. Low confinement
and high absorption—even if not so high as in the
TM, mode—makes this mode not suitable for
efficient energy transfer from the emission zone.

4. Experimental determination of modes

The presence of distinct modes for a certain
wavelength can be measured by a waveguide
coupling experiment, either prism coupling or
grating coupling. We used grating coupling as a
non-contact method by holographic grating pat-
terning of the hole transporting layer with a grat-
ing constant of 665 nm. Details on the material
and the patterning technique can be found else-
where [5,11]. The implemented grating is a small
perturbation of the waveguide and couples the
waveguide modes to distinct radiation modes with
the condition

. A
sinf = Repp — M 1
(0: angle of incidence; m: coupling order; i
wavelength; A: grating constant).

In angle-dependent transmission measurements
at a certain wavelength (Fig. 6), the modes appear
as a sharp transmission drop at angles that fulfill
the coupling condition. By this method, the posi-
tion of the modes can be tracked at subsequent
depositions of the layers. In Fig. 7, this is shown
for a sample device, for which a 230 nm layer of
Spiro-PBD and then 15 nm aluminum was evap-
orated on a prestructured sample, consisting of
glass substrate, 70 nm SiO,, 25 nm ITO, and 425
nm AZOPD. The mode indices were measured at a
test wavelength of 632.8 nm. After deposition of
several 100 nm of the Spiro-PBD layer, the mode
indices do not change any more upon increasing
this layer thickness further, which means that the
low-index electron transport layer acts as a clad-
ding layer to the ITO/AZOPD waveguide core.
Similarly, the evaporation of aluminum does not
effect the TE modes substantially, whereas the TM
modes are changed due to coupling with the sur-
face plasmon. The surface plasmon of a pure Al/
Spiro-PBD interface would be at ne = 1.69, which
is lower than the highest TM mode of the unme-
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Fig. 6. Setup for mode index measurement by grating coupling.
Some intensity of the incident beam is coupled into a forward
or backward traveling waveguide mode, depending on the
coupling condition. The transmitted beam is monitored. For
the experiments, a HeNe laser operating at 632.8 nm was used
as the light source. The grating period was 665 nm.

tallized layer system and means that it becomes the
second TM mode in the complete device. This can
be seen in the experiment from the width of the
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resonances: the second peak is broadened with
respect to the other two, thus indicating a mode
with stronger absorption.

5. Conclusion

We showed the characteristic features of wave-
guide modes that occur in multilayer films with the
layer structure of OLEDs, and demonstrated ex-
perimental access to exciting these modes and ex-
tracting energy from them. In each mode, energy
from excited molecules can coupled in, but the
efficiencies depend strongly on confinement factors
and mode attenuation coefficients. If light is to be
directed into waveguide modes, the TE, mode
seems to be the most suitable, since the overall
layer thickness can be kept thin, and the plasmon
interaction is low.
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Fig. 7. (a) Grating coupling results (TE polarization) for a device with the structure glass substrate/70 nm SiO,/25 nm ITO/425 nm
AZOPD/230 nm Spiro-PBD, (b) the same device measured in TM polarization, (c) and (d) measurements after deposition of 15 nm
aluminum on the device. The TE modes are barely visible after aluminum deposition. In TM polarization, the additional mode with

surface plasmon character occurs as the second TM mode.
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