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Tuning the emission characteristics of top-emitting organic light-emitting
devices by means of a dielectric capping layer: An experimental
and theoretical study

H. Riel,a) S. Karg, T. Beierlein, and W. Rieß
IBM Research, Zurich Research Laboratory, 8803 Ru¨schlikon, Switzerland

K. Neyts
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~Received 17 March 2003; accepted 9 July 2003!

The emission characteristics of top-emitting organic light-emitting devices~OLEDs! have been
studied experimentally and theoretically to derive a quantitative understanding of the effect of a
dielectric capping layer. We demonstrated that the angular intensity distribution and the spectral
characteristics can be tuned and the light outcoupling enhanced simply by varying the optical
thickness of a dielectric layer deposited on top of a semitransparent metal electrode. With the
capping-layer concept, the outcoupled light intensity in forward direction was increased by a factor
of 1.7, and concomitantly a high color purity achieved. An optical model based on a classical
approach was used to calculate the emission characteristics. The excellent agreement between
measured and simulated data shows that the capping layer controls the interplay between different
interference effects such as wide-angle and multiple-beam interference occurring in top-emitting
OLEDs. The strength of the capping layer concept is in particular that the optical and the electrical
device performance can be optimized separately. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1605256#
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I. INTRODUCTION

In recent years, major breakthroughs have led to sign
cant improvements in the performance of organic lig
emitting devices~OLEDs!.1–4 For example, by improving
the charge-carrier balance2,5,6 and using emitting material
with high fluorescence efficiency1,7 and, more recently, phos
phorescent emitters,3,8,9 the internal quantum efficiency o
optimized OLEDs is gradually being moved closer to its th
oretical limits. Therefore, further improvements of the ext
nal quantum and the power efficiency can only be expec
from an increase of the outcoupling efficiency.10,11 More re-
cently, the optical design has attracted considerable atten
as a means of tailoring the emission properties of OLEDs
has been found that the external quantum efficiency as
as the spectral characteristic significantly depend on
OLED architecture, in particular on the layer thickness
owing to optical interference effects.12–14 Fukuda and co-
workers demonstrated that a change of the thickness of
hole-transporting layer~HTL! as well as of the transparen
indium–tin–oxide anode in bottom-emitting OLEDs leads
a shift of the electroluminescence~EL! spectrum and a varia
tion of the EL intensity by a factor of 2 in the material s
used.13 The influence of the electron-transport-layer~ETL!
thickness on the optical properties of bottom-emitting d
vices was studied by So and co-workers.12 They explained
their results by wide-angle interference@see Fig. 1~a!# arising
from the superposition of the amplitudes of direct emiss
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and emission reflected from the cathode mirror. In to
emitting devices, where EL is outcoupled through a se
transparent thin metal cathode with transmittanceT>0.35 as
used in this article, the influence of interference effects
even stronger. In this case, both wide-angle and multip
beam interference~see Fig. 1! have to be taken into
account.15 Consequently, in top-emitting OLEDs the streng
of the optical interference effects depends critically on
reflectivity of the metal cathode, and accordingly, controlli
the cathode reflectivity is a further degree of freedom in t
loring the emission characteristics. The thickness variation
the cathode metal is one possibility to change the reflectiv
However, this approach has the disadvantage of increa
absorption losses for thicker metal layers and of insuffici
conductivity for a thinner metal cathode. A preferred co
cept, known from the optics of metal coatings, utilizes a th
dielectric layer on top of a thin metal film to modulate th
transmittance of the cathode.16 This approach was recentl
applied to top-emitting OLEDs by Hung and co-workers17

They demonstrated that by using an organic layer on top
thin metal cathode a significant improvement in light outp
can be achieved because of the enhancement of optical t
mission, and concluded that optimum performance
achieved at the highest cathode transparency.

In this article we present a joint experimental and the
retical analysis of the EL emission pattern of top-emitti
multilayer OLEDs. A dielectric capping layer was applied o
top of a thin metal cathode to tune the emission characte
tics and to enhance light outcoupling. The wide-band-g
semiconductor ZnSe with a refractive index ofn52.6 was
used as capping material. Detailed investigations of the
il:
0 © 2003 American Institute of Physics
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fluence of the capping-layer thickness on the efficiency,
emission pattern and the spectral characteristics as a fun
of the viewing angle are presented and compared with si
lation results. The optical effects induced by the dielec
capping layer are explained by means of an optical mo
The optical model uses a classical approach based on
equivalence between the probability for the emission o
photon by a dipole transition and the power radiated b
classical elementary dipole antenna.18 It is demonstrated tha
the light emission is not maximum at highest transmittan
of the cathode but that rather it is determined by an interp
between the different interference effects, which are g
erned by the thickness of the capping layer.

II. DEVICE PREPARATION AND EXPERIMENTAL
METHODS

The devices are built on glass substrates~Schott AF45!
precoated with a highly reflective bilayer anode consist
of Al covered with a thin Ni layer as hole-injectin
anode.19 The organic multilayer structure consists
copper phthalocyanine ~CuPc! as buffer
layer, N,N8-di(naphthalene-1-yl)-N,N8-diphenyl-benzidine
~NPB! as HTL, 4,48-N,N8-dicarbazole-1,18-biphenyl~CBP!
doped with 6% tris~2-phenylpyridine!iridium (Ir(ppy)3) as
emission layer, 2,9-dimethyl-4,7-diphenyl 1,1
phenanthrolin ~BCP! as hole-blocking layer, and tris~8-
hydroxyquinolinato!aluminum (Alq3) as ETL ~see Fig. 2!.
The organic-layer thicknesses were optimized with the co
binatorial method to be 20 nm CuPc, 40 nm NPB, 20
CBP doped with 6% Ir(ppy)3 , 10 nm BCP, and 40 nm
Alq3 .14,20 In the top-emitting device architecture use
sketched in Fig. 2, EL is observed through a semitranspa
metal cathode consisting of 12 nm Ca and 12 nm Mg.
further steps the multilayer structure was capped with a Z
layer to adjust the transmittance of the metal cathode.21 The
active area of the devices investigated was 233 mm2.

The organic materials were purified by vacuum sublim
tion. Depositions were carried out in a high vacuum syst
at a chamber base pressure ranging between 431027 and
131026 mbar by thermal evaporation from resistive
heated boats. Typical deposition rates for the organic c
pounds, the metal and ZnSe were'1 Å/s and, accordingly,
0.06 Å/s for the dopant. Calibrated quartz-crystal monit
were used to control the deposition rates individually. Ch
acterization of the OLED was performed under inert con
tions in a glove-box system filled with Ar and directly co

FIG. 1. Illustration of~a! wide-angle and~b! multiple-beam interference.z2

denotes the distance between the light-emitting molecule and the m
with the higher reflectivity.de is the total distance between the two ele
trodes.
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nected to the deposition chamber. Current–voltage (I –V)
and EL–V characteristics were measured with a Hewl
Packard parameter analyzer~HP 4145B! and a sensitive S
photodiode~Hamamatsu S2281! capturing light emitted into
a viewing angle of640°. The spectral characterization an
the luminance calibration of the photodiode were perform
with a Photo Research PR704 spectroradiometer. To inve
gate the angular dependence of the spectral character
and the intensity distribution, the OLED was mounted on
rotary stage, which enabled the surface normal vector of
device to be tilted with respect to the optical axis. The em
sion spectrum and the EL intensity of the device were m
sured with the Photo Research PR704 spectroradiomete
der constant-current condition at various emission angles
ensure that the measurement spot of the spectroradiom
always remained smaller than the active area of the OL
visible under a certain angle, the 0.125° aperture was u
Under these conditions accurate angular measurements
'680° are possible.

III. OPTICAL MODEL

An accurate model for light emission from the OLE
device has to take into account partial reflections at in
faces and the resulting interference effects. The opt
model we used has been described in several articles18,22,23

and is based on the equivalence between the emission
photon due to an electrical dipole transition and the radiat
from an electrical dipole antenna. It is assumed that the e
ting layer contains a large number of mutually incohere
dipole radiators with arbitrary orientation.

Emission from the electrical dipole radiator towards t
bottom is reflected by the mirror and interferes with t
emission towards the top. The resulting wide-angle inter
ence effects depend on the orientation of the dipole, the
larization of the light@transversal electric~TE! or transversal
magnetic~TM!# and the distance between emitter and mirr
Our structure has a metallic top electrode with considera

or

FIG. 2. Schematic diagram of the planar top-emitting device structure s
ied. A dielectric capping layer is applied on top of the semitransparent m
cathode to tune the emission characteristics. The organic-layer thickne
are 20 nm CuPc, 40 nm NPB, 20 nm CBP doped with 6% Ir(ppy)3 , 10 nm
BCP, and 40 nm Alq3 .
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reflectivity. Therefore light can reflect back and forth b
tween the two mirrors, leading to multiple-beam interfe
ences in the emitted light. The multiple-beam interferen
factor depends on the angle of the emission, the polariza
of the light and the distance between the two mirrors. Th
two interference effects that occur in the optical microcav
structure are illustrated in Fig. 1. The total emission from
OLED is obtained by averaging the emission over all p
sible dipole orientations~with random distribution! and loca-
tions ~the dipoles are assumed to be homogeneously dis
uted in the 20-nm-thick CBP layer! of the dipole emitters.

The equivalence between the radiating dipole ante
and the molecular dipole transition requires that the proba
ity for spontaneous emission of a photon~dipole transition!
is proportional to the integrated dipole antenna radiation
the excited state of the organic molecule is located in a
crocavity, which increases the probability for spontaneo
emission, the radiative decay time will be reduced acco
ingly. In planar microcavities where the excited organic m
ecules or polymer chains are at a distance of several ten
nanometers from the metallic layers, the modulation of
decay time is rather small. In this article we have neglec
the small effect of the change in radiative decay rate of
excited state in the simulation of the emission characteris

Other ways of modeling the emission from a planar o
tical structure have been proposed. One method that is o
used determines the coupling between the dipole emitter
the local density of photon states.24–26 This method only
leads to the same result as the method described abo
there is no absorption in the layer stack. However, as m
tioned in Refs. 18 and 27, absorbing layers cannot be ta
into account with the method based on the density of sta
In the structure discussed here two metal electrodes
present, and one of them is semitransparent. It is there
essential to take the losses in the metal films into accou

A simulation program described elsewhere15,18 is used
for calculating the angle and wavelength dependence of
emission from the different OLED structures into a
through the metallic top electrode. The simulation progr
requires the following input parameters: thickness and co
plex refractive index for every layer in the structure, positi
and width of the recombination zone, and the unpertur
emission spectrum without interference effects present.
the organic materials the complex refractive indices w
obtained by ellipsometer measurements, and we used
from the literature for the values of the metals and ZnS28

The photoluminescence~PL! spectrum of the Ir(ppy)3 com-
plex in solution was used as intrinsic spectral distribution
the emitter.

IV. RESULTS AND DISCUSSION

The main goal of this article is the quantitative unde
standing of the effect a dielectric capping layer on top o
semitransparent metal cathode has on the OLED per
mance. Therefore, the EL emission characteristics were
vestigated experimentally and theoretically as a function
the ZnSe thickness. ZnSe was deposited on top of the Ca
cathode of a phosphorescent OLED. The thickness of
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dielectric capping layer was sequentially increased from 0
110 nm on the same OLED. After each ZnSe growth
quence, electrical and optical measurements were perfor
under inert conditions. Figure 3 shows the efficiency of t
phosphorescent top-emitting OLED as a function of the c
rent density for various ZnSe layer thicknesses. A signific
influence of the ZnSe thickness on the outcoupled EL int
sity can be observed. An efficiency of 38 cd/A at 10mA/cm2

was achieved already without capping layer, owing to
efficient phosphorescent device structure and the highly
flective anode. The efficiency increased to a maximum va
of 64 cd/A when using a 60-nm-thick ZnSe capping lay
Note that the general functional behavior of the efficien
curves and also theI –V characteristics21 are not influenced
by the deposition of the dielectric layer. This indicates th
the electrical properties of the OLED, including the char
balance factor, are not affected by the capping layer. The
efficiency enhancement of a factor of 1.7 is therefore pur
due to the modified optical architecture. In other words,
number of generated excitons in the OLED is identical; ho
ever, the number of photons detected externally in the s
angle considered is significantly affected by a modificat
of the optical structure.

In Ref. 21 it was demonstrated that the transmittance
the Ca/Mg/ZnSe layer sequence changes periodically w
the ZnSe thickness. The transmittance of the uncovered c
ode consisting of 12 nm Ca and 12 nm Mg is about 0.
With increasing capping-layer thickness, it reaches a ma
mum of 0.78 at about 20 nm and a minimum of 0.32 at ab
65 nm ZnSe. The experimentally found thickness of 60
ZnSe for maximum efficiency therefore does not coinc
with the value of 20 nm for the highest transmittance of t
cathode configuration, but matches well with the value
which minimum transmittance occurs. This discrepancy s
stantiates the fact that the simple assumption that maxim
outcoupling is obtained at maximum transmittance of o
electrode, here the cathode, is not valid. The correlation
tween the two parameters is much more complex. To exp
the experimental results qualitatively and also quantitative
interference effects present in structures of this type hav
be taken into consideration. The optical model described

FIG. 3. Efficiency ~cd/A! vs current density of the OLED for various
capping-layer thicknesses. OLED structure: Al / Ni / 20 nm CuPc / 40
NPB / 20 nm CBP doped with 6% Ir(ppy)3 / 10 nm BCP / 40 nm Alq3 / 12
nm Ca / 12 nm Mg /X nm ZnSe.
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Sec. III inherently takes into account wide-angle as well
multiple-beam interference~see Fig. 1! and is thus ideally
suited to calculate the emission characteristics of planar,
emitting OLEDs. In the following, an extensive dataset co
prising not only the EL intensity distribution as a function
the ZnSe thickness but also the spectral characteristic
different viewing angles and for different ZnSe thicknesse
presented and compared with the theoretical model. In
ticular, the experimental dataset allows a precise verifica
of the applicability of the optical model.

In Fig. 4 the dependence of the EL intensity emitted
forward direction on the ZnSe thickness is shown toget
with the corresponding simulated values. The simulated d
were scaled by the same constant factor for an optimum fi
the measurements. This scaling is necessary because
simulation of the emission characteristics is based o
purely optical model that neglects electrical effects. To c
culate absolute numbers for the outcoupled EL power wo
require that also the electrical properties of the device, s
as the charge carrier balance and the singlet–triplet ratio
taken into account. With increasing ZnSe thickness the o
coupled EL intensity first decreases slightly, exhibits a mi
mum between 10 and 20 nm, and finally reaches a maxim
at 60 nm. For thicker ZnSe, the intensity falls off again, a
for 110 nm ZnSe a value even lower than the one with
capping is obtained. The data simulated by the optical mo
are in excellent agreement with the measurement prese
here. This shows that interference effects within the dev
are responsible for the oscillatory behavior of the EL inte
sity emitted in forward direction. Furthermore, it substan
ates that for an optimization of the outcoupled light it do
not suffice to consider only the transparency of the catho

The interplay between the different interference effe
directly affects the outcoupled intensity and also influen
the spectral characteristics significantly. Figure 5~a! depicts a
set of normalized EL spectra for selected ZnSe thicknes
The spectral weight of the EL emission shifts strongly wh
the capping-layer thickness is varied. Without ZnSe, the
intensity shows a maximum at 512 nm and a full width
half maximum~FWHM! of 72 nm. A comparison with the

FIG. 4. Simulated~solid circles! and measured~open circles! EL intensity
~radiometric! emitted in forward direction as a function of ZnSe thickne
The simulated values are scaled by the same constant factor for an opt
fit to all measurements. The measurements were performed under con
current conditions using 12.5 mA/cm2.
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PL spectrum of a thin-film reference sample of CBP dop
with 6% of Ir(ppy)3 reveals that the emitted EL spectrum
the uncapped OLED is modified already by the weak mic
cavity structure in which Al/Ni and Ca/Mg:Ag are used
highly and partially reflective electrode, respectively. T
corresponding EL spectrum exhibits a second peak at
nm, whereas the PL spectrum only shows a weak shou
@see Fig. 5~a!#. The best agreement between EL and PL sp
tra is found for 25 nm ZnSe, where the cathode transmitta
is very close to its maximum value.21 With 50 nm ZnSe, a
pure green emission with a peak at 508 nm and an extrem
narrow FWHM of only 36 nm is observed, resulting in CI
1931 color coordinates ofx50.19 andy50.67. By further
increasing the thickness of the dielectric layer, the spectr
broadens again, accompanied by a shift of the peak wa
length to 544 nm at 90 nm ZnSe thickness. At 110 nm Zn
the peak wavelength has moved back to 508 nm. In Fig. 5~b!
the simulated spectral characteristics~solid lines! for six dif-
ferent ZnSe thicknesses and the corresponding EL intens
measured~dashed lines! are compared. The optical simula
tion excellently describes the dependence of the spec
characteristic on the ZnSe thickness. It is also remarka
that the calculated intensity ratios agree perfectly with
experiment. Note that all spectra are simulated with an id
tical set of optical input parameters. This provides stro

.
um
nt-

FIG. 5. ~a! Normalized EL spectra measured at constant current density
various ZnSe thicknesses of the OLED shown in Fig. 2I
51.67 mA/cm2). The PL spectrum of Ir(ppy)3 doped in CBP is shown as
reference.~b! Comparison of the simulated~solid lines! and experimentally
measured~dashed lines! spectral characteristics for ZnSe thicknesses of
30, 40, 50, 60, and 110 nm. The simulated spectra are all scaled by the
constant factor for an optimum fit to the experimental data.
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evidence that microcavity effects induced by a change of
cathode reflectivity caused by the capping layer are resp
sible for the spectral shift.

The spatial emission pattern strongly depends on the
tails of the optical architecture, in particular on the organ
layer thicknesses and the electrode reflectivity.29 Hence, the
comparison of experimental and simulated data provide
rigorous test of the validity of the optical model used. Figu
6~a! displays the EL intensity measured at 12.5 mA/cm2 at
selected ZnSe thicknesses as a function of the viewing an
The emission pattern of the OLED without ZnSe is nea
Lambertian, and therefore has an almost constant intensi
all angles in this representation. With increasing ZnSe thi
ness, the externally detected EL intensity is enhanced in
ward direction, and reduced for larger viewing angles. T
most focussed emission pattern is found at a capping-la
thickness of 50 nm ZnSe, where an enhancement of the
diation by a factor of 1.6 is measured at 0° viewing ang
Under these conditions, also the integrated intensity~integra-
tion between270° and170°) is increased, i.e., 110% com
pared with the case without capping. However, for 25 and
nm ZnSe, this integrated light output is reduced to 85% a
90%, respectively. By further increasing the ZnSe thickne
the spatial emission pattern returns to its original form, a
at 90 nm almost corresponds to the one without capp
Even the integrated intensities are nearly identical. This
havior of the spatial emission pattern at different ZnSe thi

FIG. 6. ~a! EL intensity in W/(sr m2) as a function of the viewing angle o
the OLED described with 0, 25, 35, 50, and 90 nm ZnSe as capping la
measured at 12.5 mA/cm2. ~b! Corresponding simulated EL intensity.
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nesses can be very well reproduced by the simulation. Fig
6~b! shows the simulated intensity as a function of the vie
ing angle. A comparison with the experimental data in F
6~a! reveals that the shape as well as the intensity ratio
correctly described by the optical model. Only for larg
viewing angles do we observe a slightly stronger decreas
the intensity in the simulation. However, the individual cha
acteristics, such as the enhanced forward emission in the
of 50, 35, and 25 nm as well as the almost constant inten
distribution for the devices with 0 and 90 nm ZnSe, are e
dent.

From these results and theoretical and experimental
vestigations of microcavities,15,30 it is expected that also the
capping-layer thickness has a significant influence on
spectral characteristics measured at various viewing ang
It is demonstrated that for the various capping-layer thi
nesses, the EL spectra exhibit a different functional dep
dence on the viewing angle. The spectral characteristics
the ZnSe thicknesses of 0, 35, and 50 nm measured
current density of 12.5 mA/cm2 at various viewing angles
are presented in Figs. 7~a!, 8~a!, and 9~a!. Without capping
@Fig. 7~a!#, the FWHM of the EL spectra decreases wi
larger viewing angle from 72 nm at 0° to 50 nm at 70
whereas the peak wavelength stays almost constant at 5
512 nm. Up to a viewing angle of 40°, the spectra of t
OLED without ZnSe still are very similar. Therefore the CI
1931 color coordinates vary only slightly between 0.28 a
0.30 for thex coordinate and between 0.62 and 0.64 for t

r,

FIG. 7. ~a! Measured and~b! simulated EL spectra for various viewing
angles of the OLED shown in Fig. 2 without capping layer.
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y coordinate for a viewing angle between 0° and 40°.
At a ZnSe thickness of 35 nm the maximum as well

the width of the spectra are almost independent of the vi
ing angle@see Fig. 8~a!#. The EL intensities peak betwee
508 and 510 nm, and their FWHMs vary between 40 and
nm. Note that the color of EL emission of the OLED with 3
nm ZnSe appears quite pure because of the relatively na
spectra. As a consequence the CIE 1931 color coordin
for viewing angles between670° arex50.2360.01 andy
50.6360.01.

Figure 9~a! shows the spectral characteristics of t
OLED with 50 nm ZnSe on top measured at different ang
The decrease of emitted EL intensity with increasing view
angle, which has already been observed in Fig. 6, is cle
visible. The corresponding peak wavelength is almost c
stant over the entire angular range. However, with increas
viewing angle, the EL intensity in the wavelength range
550 nm is significantly enhanced compared with that in
region at 510 nm. This leads to a broadening of the spec
characteristic from 36 nm at 0° to 50 nm at 70°. The C
1931 color coordinates range fromx50.19 andy50.66 for
0° to x50.20 andy50.63 for 40° viewing angle.

This shift of the spectral characteristic as a function
both viewing angle and capping-layer thickness can also
simulated by the optical model. The corresponding simula
spectra are shown in Figs. 7~b!, 8~b!, and 9~b! for 0, 35, and
50 nm ZnSe thickness, respectively. Again, these simulat
agree very well with the experimental data. Only at larg
viewing angles is a slightly stronger decrease in inten

FIG. 8. ~a! Measured and~b! simulated EL spectra for various viewin
angles of the OLED shown in Fig. 2 with 35 nm ZnSe as capping laye
s
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g
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observed for the calculated data. It is remarkable that
behavior of the peak wavelength and the changes in
FWHM are reproduced perfectly.

This extensive dataset demonstrates that the capp
layer thickness significantly influences the optical propert
of the top-emitting OLED. As the device structure used re
resents a weak microcavity, wide-angle as well as multip
beam interference occur, and it is their interplay that defi
the optical properties and determines the emission chara
istics of the OLED. By varying the capping-layer thickne
the reflectivity of the top mirror and thus the interplay b
tween wide-angle and multiple-beam interference can
controlled. As apparently neither of these effects predo
nates, both have to be taken into account. Consequently
interpretation of the measured results is rather complex a
as demonstrated, a full calculation based on the interfere
of TE and TM emissions from parallel and orthogonal ele
trical dipoles is required. These aspects are explicitly ta
into account in the optical model and the simulation progr
applied.

V. CONCLUSIONS

We have presented a comprehensive experimental
theoretical analysis that qualitatively and quantitatively e
plains the effect of a dielectric capping layer on the emiss
characteristics of top-emitting OLEDs. The extensive expe
mental dataset consisting of the EL intensity and the spec
characteristics as a function of viewing angle and cappi

FIG. 9. ~a! Measured and~b! simulated EL spectra for various viewing
angles of the OLED shown in Fig. 2 with 50 nm ZnSe as capping laye
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layer thickness could be accurately simulated by using on
single set of optical-material input parameters. This is furt
proof of the versatility and accuracy of the optical mod
The excellent agreement between experimental and s
lated results shows that the variation of the EL emission
to the capping layer can be entirely accounted for by
change in optical interference effects. The complex interp
between wide-angle and multiple-beam interference can
controlled via the optical thickness of the dielectric capp
layer on top of the cathode. Consequently, these interfere
effects can be exploited to tune the spectral characteris
and the angular intensity distribution as well as to impro
light outcoupling. By using this approach we were able
enhance the outcoupled light intensity in forward directi
by a factor of 1.7 with high color purity. Furthermore, o
investigations have revealed that the dielectric-layer thi
ness can be used to tailor the angular dependence and th
almost angle-independent spectral characteristic can
achieved.

We have demonstrated that in top-emitting devices
concept of dielectric capping is a powerful tool to impro
OLED performance without modifying the electrical prope
ties. In addition we have shown that precise predictions
the emission characteristics of planar OLEDs can be m
from numerical simulations. These two breakthroughs a
especially from a technological point of view, of great im
portance.
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