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Tuning the emission characteristics of top-emitting organic light-emitting
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The emission characteristics of top-emitting organic light-emitting deviGd€EDs) 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 separately2@3 American Institute of Physics.
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I. INTRODUCTION and emission reflected from the cathode mirror. In top-
emitting devices, where EL is outcoupled through a semi-
In recent years, major breakthroughs have led to signifitransparent thin metal cathode with transmittafiee0.35 as
cant improvements in the performance of organic light-used in this article, the influence of interference effects is
emitting devices(OLEDS.'~* For example, by improving even stronger. In this case, both wide-angle and multiple-
the charge-carrier balarfce® and using emitting materials beam interference(see Fig. 1 have to be taken into
with high fluorescence efficienty and, more recently, phos- account® Consequently, in top-emitting OLEDSs the strength
phorescent emitters}® the internal quantum efficiency of of the optical interference effects depends critically on the
optimized OLEDs is gradually being moved closer to its the-reflectivity of the metal cathode, and accordingly, controlling
oretical limits. Therefore, further improvements of the exter-the cathode reflectivity is a further degree of freedom in tai-
nal quantum and the power efficiency can only be expectetbring the emission characteristics. The thickness variation of
from an increase of the outcoupling efficieriéy" More re-  the cathode metal is one possibility to change the reflectivity.
cently, the optical design has attracted considerable attentiadowever, this approach has the disadvantage of increasing
as a means of tailoring the emission properties of OLEDs. Ilabsorption losses for thicker metal layers and of insufficient
has been found that the external quantum efficiency as wellonductivity for a thinner metal cathode. A preferred con-
as the spectral characteristic significantly depend on theept, known from the optics of metal coatings, utilizes a thin
OLED architecture, in particular on the layer thicknessesdielectric layer on top of a thin metal film to modulate the
owing to optical interference effect§-'* Fukuda and co- transmittance of the cathod®This approach was recently
workers demonstrated that a change of the thickness of thgpplied to top-emitting OLEDs by Hung and co-workéfs.
hole-transporting laye(HTL) as well as of the transparent They demonstrated that by using an organic layer on top of a
indium—tin—oxide anode in bottom-emitting OLEDs leads tothin metal cathode a significant improvement in light output
a shift of the electroluminescen¢gL) spectrum and a varia- can be achieved because of the enhancement of optical trans-
tion of the EL intensity by a factor of 2 in the material set mission, and concluded that optimum performance is
used'® The influence of the electron-transport-lay@&TL) achieved at the highest cathode transparency.
thickness on the optical properties of bottom-emitting de-  In this article we present a joint experimental and theo-
vices was studied by So and co-work&sThey explained retical analysis of the EL emission pattern of top-emitting
their results by wide-angle interfereni@ee Fig. 1@)] arising  multilayer OLEDs. A dielectric capping layer was applied on
from the superposition of the amplitudes of direct emissiontop of a thin metal cathode to tune the emission characteris-
tics and to enhance light outcoupling. The wide-band-gap
aAuthor to whom correspondence should be addressed; electronic maif?emicc'nductor ZnSe with a refractive index 2.6 was
hei@zurich.ibm.com used as capping material. Detailed investigations of the in-
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FIG. 1. lllustration of(a) wide-angle andb) multiple-beam interference. cathode
denotes the distance between the light-emitting molecule and the mirror Algs
with the higher reflectivityd, is the total distance between the two elec- BCP
trodes. CBP + Ir(ppy)s
NPB
CuPc
fluence of the capping-layer thickness on the efficiency, the | metal anode |
emission pattern and the spectral characteristics as a function \ substrate J

of the viewing angle are presented and compared with simu-
lation results. The optical effects induced by the dielectricF!G. 2. Schematic diagram of the planar top-emitting device structure stud-

. : . ed. A dielectric capping layer is applied on top of the semitransparent metal
capping layer are explalned by means of an optlcal mOdelliathode to tune the emission characteristics. The organic-layer thicknesses

The_ optical model uses a ClaSSi(_:Q.l approach sziS(-_}d on th& 20 nm CuPc, 40 nm NPB, 20 nm CBP doped with 6% Ir(ppg0 nm
equivalence between the probability for the emission of acpP, and 40 nm Alg,.

photon by a dipole transition and the power radiated by a
classical elementary dipole anterifiat is demonstrated that
the light emission is not maximum at highest transmittancenected to the deposition chamber. Current—voltaigeV(
of the cathode but that rather it is determined by an interplayand EL-V characteristics were measured with a Hewlett
between the different interference effects, which are govPackard parameter analyzgiP 4145B and a sensitive Si
erned by the thickness of the capping layer. photodiode(Hamamatsu S228Xkapturing light emitted into
a viewing angle of+40°. The spectral characterization and
the luminance calibration of the photodiode were performed
with a Photo Research PR704 spectroradiometer. To investi-
gate the angular dependence of the spectral characteristics
The devices are built on glass substratgshott AF45  and the intensity distribution, the OLED was mounted on a
precoated with a highly reflective bilayer anode consistingrotary stage, which enabled the surface normal vector of the
of Al covered with a thin Ni layer as hole-injecting device to be tilted with respect to the optical axis. The emis-
anode'® The organic multilayer structure consists of sion spectrum and the EL intensity of the device were mea-
copper phthalocyanine  (CuPg as buffer  sured with the Photo Research PR704 spectroradiometer un-
layer, N,N-di(naphthalenel-yl)-N,N’-diphenyl-benzidine der constant-current condition at various emission angles. To
(NPB) as HTL, 4,4-N,N’-dicarbazole-1,%biphenyl (CBP) ensure that the measurement spot of the spectroradiometer
doped with 6% tri€-phenylpyridingiridium (Ir(ppy)s) as  always remained smaller than the active area of the OLED

II. DEVICE PREPARATION AND EXPERIMENTAL
METHODS

emission layer, 2,9-dimethyl-4,7-diphenyl 1,10- visible under a certain angle, the 0.125° aperture was used.
phenanthrolin (BCP) as hole-blocking layer, and tf&  Under these conditions accurate angular measurements up to
hydroxyquinolinatgaluminum (Alg) as ETL (see Fig. 2 ~+80° are possible.

The organic-layer thicknesses were optimized with the com-
binatorial method to be 20 nm CuPc, 40 nm NPB, 20 nm
CBP doped with 6% Ir(ppy), 10 nm BCP, and 40 nm Ill. OPTICAL MODEL
Alg;.1*?% In the top-emitting device architecture used,  An accurate model for light emission from the OLED
sketched in Fig. 2, EL is observed through a semitransparemtevice has to take into account partial reflections at inter-
metal cathode consisting of 12 nm Ca and 12 nm Mg. Infaces and the resulting interference effects. The optical
further steps the multilayer structure was capped with a ZnSmodel we used has been described in several arfide$®
layer to adjust the transmittance of the metal cattfddéhe  and is based on the equivalence between the emission of a
active area of the devices investigated was2mnt. photon due to an electrical dipole transition and the radiation
The organic materials were purified by vacuum sublima<from an electrical dipole antenna. It is assumed that the emit-
tion. Depositions were carried out in a high vacuum systenting layer contains a large number of mutually incoherent
at a chamber base pressure ranging betweerd0 ' and  dipole radiators with arbitrary orientation.
1x10 % mbar by thermal evaporation from resistively Emission from the electrical dipole radiator towards the
heated boats. Typical deposition rates for the organic combottom is reflected by the mirror and interferes with the
pounds, the metal and ZnSe wetel A/s and, accordingly, emission towards the top. The resulting wide-angle interfer-
0.06 A/s for the dopant. Calibrated quartz-crystal monitorsence effects depend on the orientation of the dipole, the po-
were used to control the deposition rates individually. Chardarization of the lighftransversal electri€TE) or transversal
acterization of the OLED was performed under inert condi-magnetic(TM)] and the distance between emitter and mirror.
tions in a glove-box system filled with Ar and directly con- Our structure has a metallic top electrode with considerable
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tween the two mirrors, leading to multiple-beam interfer- sol o, ]

ences in the emitted light. The multiple-beam interference _ o 006
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two interference effects that occur in the optical microcavity 3 1 o

structure are illustrated in Fig. 1. The total emission from the § 301 |7 R 1

OLED is obtained by averaging the emission over all pos- E 20l ¥ S eomm s

sible dipole orientationgwith random distributionand loca- 10l Zom2nm e Somm ]

tions (the dipoles are assumed to be homogeneously distrib- )y —v—50nm

uted in the 20-nm-thick CBP layeof the dipole emitters. 0t — — = — .
The equivalence between the radiating dipole antenna 10 10 10 10 10 10

and the molecular dipole transition requires that the probabil- Current Density [ Alem’]

ity for spontaneous emission of a phot@tipole transitiol  Fig. 3. Efficiency (cd/A) vs current density of the OLED for various
is proportional to the integrated dipole antenna radiation. Itapping-layer thicknesses. OLED structure: Al / Ni / 20 nm CuPc / 40 nm
the excited state of the organic molecule is located in a miNPB /20 nm CBP doped with 6% Ir(ppy) 10 nm BCP / 40 nm Alg/ 12
crocavity, which increases the probability for spontaneoud™ €@/12 nm Mg X nm ZnSe.

emission, the radiative decay time will be reduced accord-

ingly. In planar microcavities where the excited organic mol-gjg|actric capping layer was sequentially increased from 0 to
ecules or polymer chains are at a distance of several tens 9&0 nm on the same OLED. After each ZnSe growth se-
nanometers from the metallic layers, the modulation of the, ence, electrical and optical measurements were performed
decay time is rather small. In this article we have neglectedijer jnert conditions. Figure 3 shows the efficiency of the
the small effect of the change in radiative decay rate of th%hosphorescent top-emitting OLED as a function of the cur-
excited state in the simulation of the emission characteristicggpt density for various ZnSe layer thicknesses. A significant
~ Other ways of modeling the emission from a planar op-iyfiyence of the ZnSe thickness on the outcoupled EL inten-
tical structure have been proposed. One method that is ofteghy can be observed. An efficiency of 38 cd/A at 48/cm?
used determine_s the coupling betw?zeGh th_e dipole emitter anglas achieved already without capping layer, owing to the
the local density of photon statés?® This method only  efficient phosphorescent device structure and the highly re-
leads to the same result as the method described aboveifive anode. The efficiency increased to a maximum value

there i; no absorption in the Iayer. stack. However, as menss 64 cd/A when using a 60-nm-thick ZnSe capping layer.
tioned in Refs. 18 and 27, absorbing layers cannot be takefjote that the general functional behavior of the efficiency

into account with the method based on the density of stateg, ;. es and also the—V characteristic® are not influenced

In the structure discussed here two metal electrodes alsy the deposition of the dielectric layer. This indicates that

present, and one of them is semitransparent. It is thereforge gjectrical properties of the OLED, including the charge
essential to take the losses in the metal films into account. |5 15nce factor. are not affected by the capping layer. The EL

A simulation program described elsewher' is used efficiency enhancement of a factor of 1.7 is therefore purely
for calculating the angle and wavelength dependence of thg,e 1o the modified optical architecture. In other words, the
emission from the different OLED structures into air, nymper of generated excitons in the OLED is identical; how-

through the metallic top electrode. The simulation prografiyyer, the number of photons detected externally in the solid
requires the following input parameters: thickness and Comémgle considered is significantly affected by a modification

plex refractive index for every layer in the structure, position t ihe optical structure.
and width of the recombination zone, and the unperturbed |5 Ref 21 it was demonstrated that the transmittance of

emission ;pectrum without interference eff.ects. prgsent. Fahe Ca/Mg/ZnSe layer sequence changes periodically with
the organic materials the complex refractive indices wergne 7nse thickness. The transmittance of the uncovered cath-

obtained by ellipsometer measurements, and we used datge consisting of 12 nm Ca and 12 nm Mg is about 0.52.
from the literature for the values of the metals and ZfSe. With increasing capping-layer thickness, it reaches a maxi-

The photoluminescend®L) spectrum of the Ir(ppy) com- 1, of 0.78 at about 20 nm and a minimum of 0.32 at about

plex in _solution was used as intrinsic spectral distribution ofg5 nm znse. The experimentally found thickness of 60 nm
the emitter. ZnSe for maximum efficiency therefore does not coincide
with the value of 20 nm for the highest transmittance of the

IV. RESULTS AND DISCUSSION cat_hode_cpnfiguration, _but matches weII_ wi_th the value at
which minimum transmittance occurs. This discrepancy sub-
The main goal of this article is the quantitative under-stantiates the fact that the simple assumption that maximum
standing of the effect a dielectric capping layer on top of aoutcoupling is obtained at maximum transmittance of one
semitransparent metal cathode has on the OLED perforlectrode, here the cathode, is not valid. The correlation be-
mance. Therefore, the EL emission characteristics were inween the two parameters is much more complex. To explain
vestigated experimentally and theoretically as a function othe experimental results qualitatively and also quantitatively,
the ZnSe thickness. ZnSe was deposited on top of the Ca/Migterference effects present in structures of this type have to
cathode of a phosphorescent OLED. The thickness of thbe taken into consideration. The optical model described in
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FIG. 4. Simulatedsolid circles and measuregopen circleg EL intensity
(radiometrig emitted in forward direction as a function of ZnSe thickness.
The simulated values are scaled by the same constant factor for an optimum
fit to all measurements. The measurements were performed under constant-
current conditions using 12.5 mA/ém

Sec. Il inherently takes into account wide-angle as well as
multiple-beam interferencésee Fig. 1 and is thus ideally
suited to calculate the emission characteristics of planar, top-
emitting OLEDs. In the following, an extensive dataset com-
prising not only the EL intensity distribution as a function of
the ZnSe thickness but also the spectral characteristics at
different viewing angles and for different ZnSe thicknesses is
presented and compared with the theoretical model. In parG. 5. (a) Normalized EL spectra measured at constant current density for
ticular, the experimental dataset allows a precise verificatiomarious ZnSe thicknesses of the OLED shown in Fig. 2 (
of the applicability of the optical model. =1.67 mA/cn?). The PL spectrum of Ir(ppy)doped in CBP is shown as

In Fig. 4 the dependence of the EL intensity emitted inprc2 s Soa o 2l 8 s for ZnSe thcknesses of 0,
forward direction on the ZnSe thickness is shown togethego, 40, 50, 60, and 110 nm. The simulated spectra are all scaled by the same
with the corresponding simulated values. The simulated datepnstant factor for an optimum fit to the experimental data.
were scaled by the same constant factor for an optimum fit to
the measurements. This scaling is necessary because the
simulation of the emission characteristics is based on &L spectrum of a thin-film reference sample of CBP doped
purely optical model that neglects electrical effects. To calwith 6% of Ir(ppy); reveals that the emitted EL spectrum of
culate absolute numbers for the outcoupled EL power wouldhe uncapped OLED is modified already by the weak micro-
require that also the electrical properties of the device, suchavity structure in which Al/Ni and Ca/Mg:Ag are used as
as the charge carrier balance and the singlet—triplet ratio, beighly and partially reflective electrode, respectively. The
taken into account. With increasing ZnSe thickness the outeorresponding EL spectrum exhibits a second peak at 536
coupled EL intensity first decreases slightly, exhibits a mini-nm, whereas the PL spectrum only shows a weak shoulder
mum between 10 and 20 nm, and finally reaches a maximuifsee Fig. §a)]. The best agreement between EL and PL spec-
at 60 nm. For thicker ZnSe, the intensity falls off again, andtra is found for 25 nm ZnSe, where the cathode transmittance
for 110 nm ZnSe a value even lower than the one withouis very close to its maximum valifé.With 50 nm ZnSe, a
capping is obtained. The data simulated by the optical modgbure green emission with a peak at 508 nm and an extremely
are in excellent agreement with the measurement presentedrrow FWHM of only 36 nm is observed, resulting in CIE
here. This shows that interference effects within the devicd931 color coordinates of=0.19 andy=0.67. By further
are responsible for the oscillatory behavior of the EL inten-increasing the thickness of the dielectric layer, the spectrum
sity emitted in forward direction. Furthermore, it substanti-broadens again, accompanied by a shift of the peak wave-
ates that for an optimization of the outcoupled light it doeslength to 544 nm at 90 nm ZnSe thickness. At 110 nm ZnSe,
not suffice to consider only the transparency of the cathodehe peak wavelength has moved back to 508 nm. In Kig. 5
The interplay between the different interference effectghe simulated spectral characteristisslid line9 for six dif-
directly affects the outcoupled intensity and also influencederent ZnSe thicknesses and the corresponding EL intensities
the spectral characteristics significantly. Figu(e) dlepicts a measureddashed linesare compared. The optical simula-
set of normalized EL spectra for selected ZnSe thicknessetion excellently describes the dependence of the spectral
The spectral weight of the EL emission shifts strongly whencharacteristic on the ZnSe thickness. It is also remarkable
the capping-layer thickness is varied. Without ZnSe, the Elthat the calculated intensity ratios agree perfectly with the
intensity shows a maximum at 512 nm and a full width atexperiment. Note that all spectra are simulated with an iden-
half maximum(FWHM) of 72 nm. A comparison with the tical set of optical input parameters. This provides strong
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. o . o FIG. 7. (@) Measured andb) simulated EL spectra for various viewing
FIG. 6. (a) EL intensity in W/(sr m) as a function of the viewing angle of | f the OLED sh in Fia. 2 without ing |
the OLED described with 0, 25, 35, 50, and 90 nm ZnSe as capping Iayefa,mg es otthe SOWN I Fig. 2 without capping fayer.

measured at 12.5 mA/ém(b) Corresponding simulated EL intensity.

nesses can be very well reproduced by the simulation. Figure

evidence that microcavity effects induced by a change of thé(b) shows the simulated intensity as a function of the view-
cathode reflectivity caused by the capping layer are resporing angle. A comparison with the experimental data in Fig.
sible for the spectral shift. 6(a) reveals that the shape as well as the intensity ratio are

The spatial emission pattern strongly depends on the desorrectly described by the optical model. Only for larger
tails of the optical architecture, in particular on the organic-viewing angles do we observe a slightly stronger decrease of
layer thicknesses and the electrode reflectfitflence, the the intensity in the simulation. However, the individual char-
comparison of experimental and simulated data provides acteristics, such as the enhanced forward emission in the case
rigorous test of the validity of the optical model used. Figureof 50, 35, and 25 nm as well as the almost constant intensity
6(a) displays the EL intensity measured at 12.5 mAfcat  distribution for the devices with 0 and 90 nm ZnSe, are evi-
selected ZnSe thicknesses as a function of the viewing angldent.
The emission pattern of the OLED without ZnSe is nearly ~ From these results and theoretical and experimental in-
Lambertian, and therefore has an almost constant intensity aestigations of microcavities: it is expected that also the
all angles in this representation. With increasing ZnSe thick€apping-layer thickness has a significant influence on the
ness, the externally detected EL intensity is enhanced in forspectral characteristics measured at various viewing angles.
ward direction, and reduced for larger viewing angles. Thdt is demonstrated that for the various capping-layer thick-
most focussed emission pattern is found at a capping-layaresses, the EL spectra exhibit a different functional depen-
thickness of 50 nm ZnSe, where an enhancement of the ralence on the viewing angle. The spectral characteristics for
diation by a factor of 1.6 is measured at 0° viewing anglethe ZnSe thicknesses of 0, 35, and 50 nm measured at a
Under these conditions, also the integrated inter(@ityegra-  current density of 12.5 mA/ctat various viewing angles
tion between—70° and+ 70°) is increased, i.e., 110% com- are presented in Figs(d, 8(a), and 9a). Without capping
pared with the case without capping. However, for 25 and 3%Fig. 7(a)], the FWHM of the EL spectra decreases with
nm ZnSe, this integrated light output is reduced to 85% andarger viewing angle from 72 nm at 0° to 50 nm at 70°,
90%, respectively. By further increasing the ZnSe thicknesswhereas the peak wavelength stays almost constant at 510—
the spatial emission pattern returns to its original form, andb12 nm. Up to a viewing angle of 40°, the spectra of the
at 90 nm almost corresponds to the one without cappingOLED without ZnSe still are very similar. Therefore the CIE
Even the integrated intensities are nearly identical. This be1931 color coordinates vary only slightly between 0.28 and
havior of the spatial emission pattern at different ZnSe thick-0.30 for thex coordinate and between 0.62 and 0.64 for the
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FIG. 8. (8 Measured andb) simulated EL spectra for various viewing FIG. 9. (a) Measured andb) simulated EL spectra for various viewing
angles of the OLED shown in Fig. 2 with 35 nm ZnSe as capping layer. angles of the OLED shown in Fig. 2 with 50 nm ZnSe as capping layer.

y coordinate for a viewing angle between 0° and 40°. observed for the calculated data. It is remarkable that the

At a ZnSe thickness of 35 nm the maximum as well asbehavior of the peak wavelength and the changes in the
the width of the spectra are almost independent of the viewFWHM are reproduced perfectly.
ing angle[see Fig. 8&)]. The EL intensities peak between This extensive dataset demonstrates that the capping-
508 and 510 nm, and their FWHMs vary between 40 and 52ayer thickness significantly influences the optical properties
nm. Note that the color of EL emission of the OLED with 35 of the top-emitting OLED. As the device structure used rep-
nm ZnSe appears quite pure because of the relatively narroresents a weak microcavity, wide-angle as well as multiple-
spectra. As a consequence the CIE 1931 color coordinatdeam interference occur, and it is their interplay that defines
for viewing angles betweert 70° arex=0.23+0.01 andy  the optical properties and determines the emission character-
=0.63+0.01. istics of the OLED. By varying the capping-layer thickness

Figure 9a) shows the spectral characteristics of thethe reflectivity of the top mirror and thus the interplay be-
OLED with 50 nm ZnSe on top measured at different anglestween wide-angle and multiple-beam interference can be
The decrease of emitted EL intensity with increasing viewingcontrolled. As apparently neither of these effects predomi-
angle, which has already been observed in Fig. 6, is clearlpates, both have to be taken into account. Consequently, the
visible. The corresponding peak wavelength is almost coninterpretation of the measured results is rather complex and,
stant over the entire angular range. However, with increasings demonstrated, a full calculation based on the interference
viewing angle, the EL intensity in the wavelength range atof TE and TM emissions from parallel and orthogonal elec-
550 nm is significantly enhanced compared with that in therical dipoles is required. These aspects are explicitly taken
region at 510 nm. This leads to a broadening of the spectrahto account in the optical model and the simulation program
characteristic from 36 nm at 0° to 50 nm at 70°. The ClEapplied.

1931 color coordinates range frox0.19 andy=0.66 for
0° to x=0.20 andy=0.63 for 40° viewing angle.

This shift of the spectral characteristic as a function of
both viewing angle and capping-layer thickness can also be We have presented a comprehensive experimental and
simulated by the optical model. The corresponding simulatedheoretical analysis that qualitatively and quantitatively ex-
spectra are shown in Figs(bj, 8(b), and 9b) for 0, 35, and plains the effect of a dielectric capping layer on the emission
50 nm ZnSe thickness, respectively. Again, these simulationsharacteristics of top-emitting OLEDs. The extensive experi-
agree very well with the experimental data. Only at largemrmental dataset consisting of the EL intensity and the spectral
viewing angles is a slightly stronger decrease in intensitycharacteristics as a function of viewing angle and capping-

V. CONCLUSIONS
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