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The external light output of organic light emitting diodes (OLEDs) can be increased by modifying
the light emitting surface. The apparent light extraction enhancement is given by the ratio between
the efficiency of the unmodified device and the efficiency of the modified device. This apparent light
extraction enhancement is dependent on the OLED architecture itself and is not the correct value to
judge the effectiveness of a technique to enhance light outcoupling due to substrate surface
modification. We propose a general method to evaluate substrate surface modification techniques for
light extraction enhancement of OLEDs independent from the device architecture. This method is
experimentally demonstrated using green electrophosphorescent OLEDs with different device
architectures. The substrate surface of these OLEDs was modified by applying a prismatic film to
increase light outcoupling from the device stack. It was demonstrated that the conventionally
measured apparent light extraction enhancement by means of the prismatic film does not reflect the
actual performance of the light outcoupling technique. Rather, by comparing the light extracted out
of the prismatic film to that generated in the OLED layers and coupled into the substrate (before the
substrate/air interface), a more accurate evaluation of light outcoupling enhancement can be
achieved. Furthermore we show that substrate surface modification can change the output spectrum
of a broad band emitting OLED. © 2006 American Institute of Physics. [DOI: 10.1063/1.2234550]

I. INTRODUCTION

In the recent years the activities to develop solid state
lighting based on organic electroluminescent devices are on
the rise. The possibility of producing a flat large area lighting
panel in a cheap and simple process will drive creative prod-
ucts and open exciting fields of application. However, one
evident drawback is still the low light out-coupling effi-
ciency of organic light emitting diodes (OLEDs). The mis-
match of the refractive index between air and the OLED
leads to most of the generated light being lost through total
internal reflection (TIR) into wave guiding modes and self-
absorption. As indicated in Fig. 1, the light emitted by the
device can be classified into three modes: the external mode,
the substrate waveguided mode, and the anode/organic
waveguided mode. Depending on the value of the emission
angle with respect to the normal to the susbrate, the gener-
ated photons are outcoupled or waveguided into the substrate
and the active layers, respectively.

Many approaches have been utilized to increase the out-
coupling efficiency. These can be divided into six generic
schemes. (1) The patterning of polymer microlens array on
the substrate surface, or placing a large size index matching
hemispherical lens on top of the substrate.” (2) Introducing
scattering effects at the substrate surface by means of tech-
niques such as applying a transparent coating on the sub-
strate with embedded small peurticles,3 or texturing the sub-
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strate surface (for example, by sand blasting4 or sand
paper’). (3) Incorporating the light emitting diode in a re-
flecting mesa structure.® (4) Inserting an extremely low re-
fractive index (n=1.03) silica aerogel porous layer between
the indium tin oxide (ITO) transparent anode and the glass
substrate.” (5) Increasing light outcoupling efficiency by
means of microcavity effects due to the double mirror struc-
ture of the organic light emitting device given by both elec-
trodes and the organic layers embedded in between.™ (6)
Application of lateral periodic nanostructures on the sub-
strate leading to increase of light outcoupling through Bragg
scattering.lo‘11

Using the approaches of schemes (1) and (2), the
waveguided light retained within the substrate of the un-
modified device (standard flat glass substrate) is extracted.
The improvement in light outcoupling by various methods of
modifying the substrate surface is often quantified by an ap-
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FIG. 1. The external mode the substrate waveguided mode, and the anode/
organic waveguided mode in an organic EL device. Dependent on the emis-
sion angle © the generated photons are out coupled or waveguided.
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FIG. 2. Structure of the OLEDs used in this study.

parent enhancement factor, k=1,/7;, where 7, is the effi-
ciency of the unmodified OLED and 7, is the efficiency of
the device after modifying the substrate.

In this paper we show a strong dependence of the en-
hancement factor k on the device architecture itself. Further-
more we demonstrate an alternative method to determine the
enhancement of light extraction using light outcoupling ap-
proaches of scheme (1) or (2) discussed earlier. The proposed
method thus eliminates dependence on device architecture
which would otherwise lead to inaccurate conclusions re-
garding the efficiency of the device itself.

Il. EXPERIMENTAL AND SIMULATION DETAILS
A. Fabrication of OLEDs

Figure 2 shows the structure of the green emitting
OLEDs (peak wavelength N=510 nm) used in this study.
Each substrate has four individual OLEDs with a 0.4 cm?
active area. The glass substrate has a thickness of 0.7 mm
and a refractive index n=1.52. The OLEDs are fabricated as
follows. ITO coated glass substrates were patterned using
standard photolithographic techniques. This was followed by
cleaning of the ITO surface including wash steps with de-
ionized (DI) water. In addition, the ITO substrates were sub-
jected to oxygen plasma treatment for 10 min. A thin
(60 nm) film of poly(3,4)-ethylendioxythiophene doped with
poly(styrene sulfonate) (PEDOT:PSS) was spin coated atop
the ITO and then baked for 30 min at 200 °C. The green
emitting layer (EML) was then spin coated on the top of the
PEDOT:PSS with conditions to yield a light emitting layer
thickness of around 70 nm. The light emitting layer was then
annealed at 80 °C for 30 min. The solution for the EML
consisted of 24% (wt) 2-(4-biphenyl)-5-(4-zert-butylphenyl)-
1,3,4-oxadiazole (PBD), 9% (wt) 4,4’-bis(m-tolylphenyl-
amino)biphenyl (TPD), 6% (wt) fac-tris(2-phenyl-
pyridine)iridium Ir(ppy);, and 61% (wt) polyvinylcarbazole
(PVK) in chlorobenzene.'? On the top of the EML a hole-
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blocking layer consisting of 2-(4-biphenyllyl)-5-(4-tert-
butylphenyl)-1,3,4-oxadiazole (PBD) was thermally evapo-
rated in a vacuum coater to a thickness of 10 nm. This was
followed by thermal evaporation of a tris(8-hydro-
xyquinoline) aluminium (Algs) layer on top of the PBD
layer. Devices with five different Algs-layer thicknesses (0,
10, 30, 50, and 70 nm) were prepared. Then a caesium fluo-
ride (CsF) layer with a thickness of 1 nm was deposited as
an electron injection layer. Finally an Al layer with a thick-
ness of 200 nm was deposited as the cathode. All the ther-
mally evaporated layers were deposited in a vacuum coater
sequentially in a single pump down cycle. Following evapo-
ration of the cathode, the devices were encapsulated with a
glass lid and getter. All device fabrication steps from the
EML spin coating to device encapsulation were carried out in
an inert nitrogen atmosphere.

B. Brightness enhancement film

After measuring the light output of the unmodified de-
vices (the method is described in more detail below), a
brightness enhancement film (BEF) prepared from 3M
(Vikuiti BEF II 90/50) was applied on the surface of the
devices. The BEF film consists of an acrylic resin with pris-
matic features on its surface coated on a polyester substrate.
The prism angle is 90° and the prism pitch is 50 um. The
BEF film has a nominal thickness of 155 um and was opti-
cally coupled to the glass substrate with optical laminating
tape (3M No. 8141, n=1.49).

C. Measurement of substrate mode and external
mode intensities

The OLED emission intensity was measured using a
large area (18X 18 mm?) Si photodiode according to a
method described by Nakamura et al. '3 The distance between
the Si photodiode and the OLED substrate’s surface was kept
at <0.5 mm. Considering the size of the OLED’s active area
in comparison to the area of the Si photodiode, this setup
offers a nearly entire solid angle collection of the light emit-
ted by the devices. Measurements were carried out alterna-
tively with an air gap and an optical gel obtained by Norland
whose refractive index was 1.56. When the air gap was filled
with gel, TIR at the glass/air interface disappeared, enabling
the emitted light of the external and substrate waveguided
modes to be measured by the Si photodiode simultaneously.
Thus three intensities /,;, Iy1, and Iy, Were measured, where
L, and I, were the emission intensities detected by the Si
photodiode at the air and gel gaps before modifying the de-
vice, and where Iy, was the emission intensity detected at
the air gap after applying the BEF film. All intensities were
measured at a current density of 1 mA/cm?.

D. Simulation of microcavity effects

Optical simulation of the experimental results was per-
formed using the microcavity simulation tool UNIMCO 4.0 by
UNICAD.'* The radiative emission from the recombining ex-
citons is modeled by oscillating dipoles in front of a mirror."”
The recombining exciton is modeled as a two-level system
whose transition rate is given by Fermi’s golden rule.'® The
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method used in UNIMCO is based on the transfer matrix for-
malism including additional source terms for electric field
(i.e., the dipole emission terms). The electric field emitted by
electric dipoles can be expressed in terms of superposition of
s-(TE) and p-(TM) polarized waves, while the dipole source
can be decomposed into three orthogonal components
(d, p,d ), where d; and d,, are in-plane dipole components
and d, is the out-of-plane component. It can be shown that
the powers per solid angle 6 and surface emitted by such
dipoles in an unbounded medium of refractive index n.,; are
of the form

3

Py=—, 1

0= g (1a)
3 2

Pj=—cos" 0, (1b)
8
3.,

Py =—"rsin" 6. (1c)
8

For a sheet of dipoles at distance z from the cathode
reflector, the power per unit solid angle and surface Pl
radiated outside the microcavity by the s, p, and v dipoles

can be calculated from the following equations:

; | e
Piron =147 2“’|ZWPB, (2a)
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|1 = rirsee)? 0

where r| is the reflectivity coefficient of the anode mirror and
r, the reflectivity of the cathode mirror of the microcavity, ¢
and ¢ are given by

27z

¢ = Tnemit COS Oepmits (3)
2md

(P[ = T”emil 08 e (4)

where N\ is the wavelength of the emitted light and d is the
optical path length.

Only the radiation emitted in the source medium (refrac-
tive index ngy) with angles 6., smaller than the critical
angle: 60 . =arcsin (1,/ney;), Where n, is the refractive in-
dex of the outside medium, can be extracted out of the mi-
crocavity. The interval [O,H(e)mn] corresponds to the escape
window of the radiation. If 6> 9gmm the light will un-
dergo total internal reflection. The amount of extracted light
is a fraction of the light generated in a distance z from the
cathode,

P —

extr

pspv

front

for 0 =< eemit < 02mit' (5)

Considering an emission zone profile E(z) (0<z<Z),
the total power radiated out of the device is given by
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FIG. 3. Light output of the devices before and after applying the brightness
enhancement film. The intensities are normalized on the output of the light
output of the device with a Alqs-layer thickness of 10 nm. The error bars
represent the standard deviations of the measured values.

z O %
Py = f E(z)dz f ™™ sin 6d6 f dNPSPY(ON).  (6)
0 0 0

Further refinements are based on the optical constants as
a function of wavelength for all layers of the device stack,
which were determined by standard ellipsometry.

Considering Egs. (1)—(6), it is obvious that the variation
in the location exciton profile [E(z)] formed within the LEP
can result in significant differences in the extent to which
light can be out coupled from the device due to the presence
of a microcavity in the OLED stack.

Without substrate surface modification, the light at the
radiation angle below 6; escapes from the device as an ex-
ternal mode, that between 6; and 6, gets trapped in the glass
as a substrate waveguided mode, and that above 6, is
coupled into the ITO layer as a result of anode/organic
waveguiding (Fig. 1).

lll. RESULTS AND DISCUSSION

Figure 3 shows the external light output of the devices
before and after applying a BEF film as a function of the
Alqs thickness. It was independently confirmed that the
emission from the device originated from Ir(mppy); with
negligible (if any) emission from Alqs. It is observed that
with increasing Alqs thickness the light output in both cases
(i.e., without and with the BEF film) decreases. The intensity
I,;;, which is equal to the light output of the device before
applying the BEF film, decreases with increasing values of
Alqgj layer thickness to 1/3 of the output of the device with-
out Alqgs. Quasisinusoidal variation of current efficiency ver-
sus Alg; thickness is attributed to the interference effect be-
tween direct emission and emission reflected from the
metallic mirrors of the electrodes. This behavior has already
been reported.”’17 However, the effect of light out coupling
enhancement due to the BEF film is increased and shows a
strong dependendence on the device structure itself. This en-
hancement is calculated and the results are shown in Table I,
where the values of k (given by k=1g,/1,;,) are listed.
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TABLE I. Factor of absolute light out coupling enhancement k and ratio
between the output of the surface modified devices and the light intensity,
which is coupled into the substrate (Iy,/lge)-

Alq;-layer thickness

(nm) k=1 / L T/ 1, gel
0 1.30 0.63
10 1.27 0.60
30 1.80 0.63
50 2.04 0.60
70 2.25 0.58

Using a substrate surface modification, a fraction of the
waveguided light retained within the substrate of the un-
modified device (standard flat glass substrate) is extracted. In
order to investigate the dependence of k on the device struc-
ture, the intensity Iy, which is related to the sum of the
external light output and the substrate waveguided light, was
measured for all (unmodiefied) devices as a function of the
Algs layer thickness. Figure 4 shows the measured intensities
L and I, With increasing Alqs layer thickness the intensity
Iy decreases to 2/3 of the value for the device without Alqs.

Table II shows the ratio between the amount of substrate
waveguided light to the external light output for each device
structure used in this study. This ratio is given by g/l
=(Ige1= i) / Iy With increasing Alqs layer thickness, the
fraction of substrate waveguided light intensity increases
compared to the fraction of the out coupled light intensity.
This was further studied by means of the optical simulation
tool.

In the simulation, the ratio 1,/ I, based on the measure-
ments was fitted by the ratio between the simulated amount
of light, which is generated in the device stack and the simu-
lated amount of light coupled into the substrate (Fig. 5). This
ratio obtained by the simulation is given by the calculation of
the power radiated outside of the cavity for air (n,=1) as an
outside medium with respect to glass (n,=1.52) as an outside
medium. In order to compute the ratio based on simulation,

2.5
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FIG. 4. The emission intensities detected by the Si photodiode at the air and
gel gaps before substrate surface modification of the devices. The intensities
are normalized on the output of the light output of the device with a
Algs-layer thickness of 10 nm. The error bars represent the standard devia-
tions of the measured values.
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TABLE II. Calculated amount of waveguided light /g, and ratio I : Ly,

Algs-layer thickness

(nm) L - Lapsi=lge—Loir ~ Ratio Ly Ly
0 0.96 1.98 1.02 1.06
10 1.00 2.10 1.10 1.10
30 0.65 1.85 1.20 1.85
50 0.50 1.70 1.20 2.4
70 0.35 1.36 1.01 2.88

the location of the emission zone (EMZ) in the device is
needed. Here, we have defined the location of the EMZ as
the distance between the cathode and the center of a Gauss-
ian distribution of excitons within the light emitting polymer
with a full width at half maximum of 20 nm."® The distance
between the EMZ and the cathode was varied to obtain the
best fit. The resultant dependence of the location of the EMZ
is shown in Fig. 5. Also shown is the location of the EMZ
obtained by the fit. Except for the prediction of the model for
70 nm thickness of Alqs, it is seen that the location of the
EMZ scales with the actual device architecture.

The simulation as implemented above used the ratio
L/ Iy, which does not depend on the actual light out-
coupled at the glass-air interface for each device. With the
location of the EMZ obtained by the fit, we can now see the
effect of device architecture on the extent to which light is
outcoupled depending on the cavity as defined by the OLED
stack and substrate. Accordingly Fig. 6 shows the measure-
ments of the external light output and the computed light
output as a function of Alqs layer thickness at a fixed current
density. It is observed that the light output calculated here
(red symbols) decreases steadily with increasing Alqs layer
thickness. However, it is important to note that the experi-
mentally measured light output (black symbols) shows a
more exaggerated dependence on Alqs thickness. This is due
to variation in the internal device quantum efficiency as a
function of Alqs thickness. In spite of this, the fit of 1/, is
more accurate. This is because the ratio I,;,/ 1, automatically
eliminates the dependence on internal device efficiency.

Figure 7 shows the EL pattern (the power per unit solid
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FIG. 5. (Color online) Fit of the ratio I,/ based on the shown depen-
dence of the location of the EMZ.
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FIG. 6. (Color online) Measurements of the external light output and com-
puted light output as a function of Alqs-layer thickness. The effect of dif-
ferent Alqs-layer thicknesses on the intrinsic device efficiency is not con-
sidered for the simulated values.

angle radiated outside the microcavity) integrated over all
wavelengths for different Alq; thicknesses, which was ob-
tained by simulation using the values for the location of the
EMZ determined by the fit. The angle of 0° corresponds to
the direction normal to the substrate, where the angle of 90°
corresponds to the direction parallel to the substrate. With
increasing values of Alq; layer thickness the distribution of
intensity is shifted to higher angles with respect to the nor-
mal of the substrate (0°). As the intensity distribution shifts
to higher angles, there will be an increase in light losses
within the substrate due to TIR.

We can now consider the efficiency of light outcoupling
by usual substrate surface modification techniques as a func-
tion of device architecture.

In the case of unmodified devices, with increasing Alq;
layer thickness, the fraction of substrate waveguided light
compared to the fraction of the external light output in-
creases (Table I) as a result of the shift of the EL pattern to
higher angles (see Fig. 7). Only the photons, which are emit-
ted by the EML in a lower angle, defined by the escape cone
of the substrate are extracted out of the device. After apply-
ing the BEF film, photons of higher emission angles can be
extracted due to the prismatic structure of the film. The
higher the fraction of substrate waveguided light, the stron-
ger is the light outcoupling enhancement of the BEF film.

r
Alg, layer thickness

FIG. 7. (Color online) Normalized EL pattern of the devices used in this
study (integrated over all wavelengths). ®, and 0, are the critical angles for
substrate wave guiding respective anode/organic waveguiding.
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FIG. 8. (Color online) EL pattern of the device without Algs layer for the
wavelengths of 450, 510, and 600 nm. Each distribution is normalized on its
intensity maximum.

Thus, the light outcoupling enhancement obtained by calcu-
lating the ratio between the light output of the surface modi-
fied and the output of the unmodified device by itself does
not lead to accurate conclusions about the efffictiveness of
the light outcoupling method. Instead, the performance of the
BEEF film can be determined by considering the ratio between
the external output of the BEF film laminated device and the
total amount of light, which is measured with the gel. This
ratio is given by Ig/l, and is approximately constant
(Iiim/ 1ge1= 0.6, Table I) for all device structures. By the
means of the BEF film about 60% of the light, which is
coupled into the substrate, is extracted out of each modified
device.

In all of the above calculations, the cavity effect was
simulated over the entire range of wavelengths comprising
the device spectrum. We furthermore discuss the dependence
of the light outcoupling enhancement factor k (apparent light
outcoupling enhancement) on the wavelength of the emitted
light. In this case we consider the device without the Alqs
layer. Figure 8 shows the EL pattern for light of wavelengths
of 450, 510, and 600 nm calculated using the microcavity
simulation mentioned above. 510 nm is the peak wavelength
of the used green emitter. The calculations for the wave-
lengths of 450 and 600 nm were computed, in order to obtain
typical distributions for blue and red emissions, respectively.
The EL pattern for 450 nm is shifted to higher angles in
comparison to that obtained for 510 nm. Thus, we hypoth-
esize that the fraction of waveguided light is higher for the
blue emitting device than for the green emitting device.
Hence, the light outcoupling enhancement due to substrate
surface modification is higher for the blue emitting device
than for the green emitting device. Contemplating the imagi-
nary red emitting device, the EL pattern of the red emitting
device is shifted to lower angles. In this case, we hypothesize
that the fraction of waveguided light is lower than for the
green emitting device. This leads to a lower light outcoupling
enhancement for the red device due to the same substrate
surface modification technique.

In particular, the dependence of light outcoupling en-
hancement on the wavelength has to be considered when
modifying the substrate surface of a device emitting in a
broad range of wavelengths (for example, a white light emit-
ting device). In the case of a device with the structure and
location of the EMZ discussed above, the light outcoupling
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enhancement is expected to be stronger in the shorter wave-
length range of the spectrum. Thus, substrate surface modi-
fication can result in differences between the spectrum of the

device before and after surface modification for light extrac-
tion.

IV. CONCLUSION

In conclusion we have demonstrated that the apparent
effectiveness of light outcoupling enhancement using a
method of modifying the substrate surface is significantly
dependent on the device structure itself. This apparent effec-
tiveness, however, is not the correct value to judge the effec-
tiveness of a technique to enhance light out coupling due to
substrate surface modification. The ratio between the light
output of the surface modified device and the total amount of
light which is generated in the device stack and coupled into
the substrate (before the substrate/air interface) is a more
accurate parameter to describe the light enhancement prop-
erties. In the optimal case the ratio is 1, which corresponds to
a light outcoupling methodology completely suppressing
substrate waveguiding. Determination of the enhancement
properties using the proposed method not only allows the
comparison of different methods of substrate surface modi-
fying techniques but also provides an analytical understand-
ing to enable further improvement of each technique.

Furthermore, we have shown a wavelength dependence
of the apparent effectiveness of light outcoupling enhance-
ment due to substrate surface modification. This is another
reason why the apparent effectiveness is not the correct value
to judge the effectiveness of a substrate surface modification.
The dependence of the apparent light outcoupling enhance-
ment leads to changes in the output spectrum, when modify-
ing the substrate surface of an organic electroluminescences
(EL) device emitting in a broad range of wavelengths.
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