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Omnidirectional emission from top-emitting organic
light-emitting devices with microstructured cavity
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We demonstrate optimized viewing-angle characteristics from top-emitting organic light-emitting devices by integrat-
inga periodicmicrostructure into the cavity. A holographiclithography technique combined with filling process of the
groove by spin coating of a polymer film has been employed to enable its periodically and gradually changed cavity
length and suppress the viewing-angle dependence of the peak emission wavelength and intensity. The theoretical and
experimental results support that the proposed microstructured cavity can resolve the angular-dependence effect in a
very simple and effective way, and a desired omnidirectional emission has been obtained. © 2012 Optical Society of

America
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Viewing-angle characteristic is a key issue for high-
quality flat panel displays. As one of attractive display
technologies, organic light-emitting devices (OLEDs)
have shown its advantage of larger viewing angle com-
pared to LCD because bottom-emitting OLEDs exhibit
a quasi-Lambertian emission pattern. However, it is not
the case for top-emitting OLEDs (TOLEDs) [1]. There ex-
ists a strong microcavity effect in a typical TOLED, which
leads to strong viewing-angle dependence of both peak
emission wavelength and emission intensity [2-5]. The
large variation of color and brightness at different view-
ing angles is a fatal disadvantage to the viewing charac-
teristics of OLED displays. TOLEDs have attracted
much attention due to their higher aperture ratio, which
is particularly suitable for high-resolution and high-
information-content active matrix displays. Taking
account of the benefit of the microcavity effect in the as-
pect of promoting emission efficiency [6-8], their appli-
cation in display would be much promoted if the
problems in the viewing characteristics can be resolved.

The reflective anode and semitransparent cathode par-
allel to each other and form a Fabry—Perot resonator in a
conventional TOLED. The cavity length is fixed by the
distance between the two parallel electrodes and defines
its resonant wavelength. Only a certain wavelength cor-
responding to the fixed cavity length are emitted in a gi-
ven observation angle, which results in the narrowed and
angular-dependent emission [9]. On the contrary, a broa-
dened band emission can be expected when a cavity with
a gradually changed cavity length corresponding to gra-
dually changed resonant wavelengths covering the whole
visible range is introduced into the TOLEDs, and there-
after, an angular independent spectrum from this cavity
can be obtained. In this communication, TOLEDs with
omnidirectional emission pattern have been realized
by employing a microstructure in the devices to enable
its periodically and gradually changed cavity length. This
microstructured cavity constructed by two periodically
corrugated Ag electrodes with different groove depths
sandwiched with organic layers. A holographic lithogra-
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phy technique [10] combined with filling process of the
groove by spin coating of a polymer film has been em-
ployed for the first time to fabricate the TOLEDs with
microstructured cavity, which provides a simple ap-
proach with high controllability and reproducibility. The
theoretical and experimental results support that this
proposed cavity can resolve the angular-dependence ef-
fect in a very simple and effective way. The shift of the
peak emission wavelength with the viewing angle is suc-
cessfully suppressed, and moreover, a desired omnidirec-
tional emission pattern (i.e., not only the peak emission
wavelength is independent of the observation angle, but
the emission pattern also is the ideal Lambertian distri-
bution) was obtained.

At first, the emission spectra from the proposed micro-
structured cavity were simulated using a transfer matrix
theory to verify the above assumption, whose schematic
structure is shown in Fig. 1(a). The emission from the
conventional cavity was also simulated for comparison.
The cavity consisted of an 80 nm Ag reflective anode and
a 20 nm Ag semitransparent cathode sandwiched with an
organic layer. An emitter with flat spectrum and covering
the whole visible region in the cavity is employed in this
simulation. The refractive index of the organic layer was
assumed to be 1.73 over the wavelength of interest. The
period of the microstructure is 2 ym and a sinusoidal
cross section is employed for the simulation, which is si-
milar to our experimentally obtained surface morphology
of the microstructure. The average cavity length is
decided by the peak wavelength of Alqs, which is a
widely used green emitting organic material in OLEDs,
to be 105 nm. Figure 1(b) shows the simulated emission
spectra from planar cavity, microstructured cavity with
various groove depth and measured photoluminescence
(PL) of the Algs thin film. The simulated emission spec-
trum from the microstructured cavity with 60 nm groove
depth exhibits a 220 nm of FWHM covering almost the
whole visible range, which is much wider than that of pla-
nar cavity (only 50 nm of FWHM), and even wider than
that of the PL of the Alqs, which has a 110 nm of FWHM.

© 2012 Optical Society of America



(a) = (b) e planar
- %W:“‘i% * 20 nm
ol ‘&‘_‘,:g**DD A % ©40nm
Ag 2 ALo*e ¢y & * 460nm
SISO ZHl6 M %+ 2 . Lo PLofA,
B S5 »
cC L=
l I i I . RS
TD h?
O
A 1 1 1
Rhglomsisl 400 500 600 700 800
SIS0 Wavelength (nm)
Fig. 1. (Color online) Schematic structure of the (a) planar

and microstructured cavity, and (b) their simulated emission
spectra with various groove depth and measured PL spectrum
of Alqgs thin film.

Obviously, variation range of the cavity lengths is equal
to the groove depth and decides the width of the emission
spectra from the cavity. The simulation results have in-
dicated that the bandwidth of the emission spectra is
broadened with the increasing of the groove depth. How-
ever, it is possible that higher groove depth would result
in a degradation of the electrical properties of the
TOLEDs due to the increased thickness variation of the
sandwiched organic films. A 40 nm groove depth has
been chosen for fabrication of the microstructured cavity
for the Algs-based TOLEDs because its emission spectra
exactly coincide with that of the PL of Alqgs, as shown in
Fig. 1(b). Unlike the groove depth, the period of the mi-
crostructure is not a critical parameter for obtaining a
desired bandwidth of the emission spectra. A spatial var-
iation of the emission color corresponding to the varia-
tion of the periodically changed cavity length will not be
detectable by the eyes until the period is larger than a few
tens of micrometers. On the other hand, the period
should be larger than wavelength scale to avoid disturb-
ing the flat and wide band emission by Bragg scattering in
the visible region [11,12]. Therefore, a period is necessary
for realizing an angular-independent emission from the
TOLEDs, whereas a wide range of periods can be chosen
to obtain a broadband emission from the microstructured
cavity.

On the basis of the strategy described earlier, experi-
ments were conducted on Algs-based TOLEDs, whose
schematic structure is shown in Fig. 2(a). The microstruc-
ture with a 2 ym period was introduced onto the surface of
the photoresist layer using the holographic lithography
technique. Prepared Si substrates coated with corrugated
photoresist film were immediately loaded into a thermal
evaporation chamber. An 80-nm-thick Ag anode was
grown at arate of 1A s~! at abase pressure of 5 x 10~ Pa.
The deposited Ag anode duplicates morphology of the
phtoresist by thermal evaporation, which is verified by
the measured atomic force microscopy (AFM, CSPM5000,
BenYuan) images [Figs. 2(b) and 2(c)]. A conducting poly-
mer widely used in OLEDs as a hole-transport material,
poly(N-vinyl carbazole) (PVK), is chosen and spin-coated
onto the Ag anode to fill the groove and lower the groove
depth. 4,4',4" -tris (3-methylphenylphe-nylamino)triphe-
nylamine (m-MTDATA) was doped into the PVK with a
concentration of 50% by weight to enhance its hole injec-
tion and transport. The depth of the microstructure on
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Fig. 2. (Color online) Configuration of the (a) microstructured
TOLED, (b) surface morphology of photoresist, (¢) Ag anode,
and (d) PVK: m-MTDATA.

the surface of the photoresist, Ag anode, and PVK:
m-MTDATA layers are determined by AFM to be 52.2,
50.4, and 9.3 nm, respectively. Therefore, a variation range
of ~43 nm for the gradually changed cavity length can be
expected after deposition of the top Ag cathode. The sam-
ple was loaded into the thermal evaporation chamber
again to deposit the organic and cathode layers. The struc-
ture of the TOLEDs is Ag (80 nm)/PVK:m-MTDATA/N,
N’-diphenyl-N, N’-bis (1-naphthyl)-(1,1’-biphenyl)-4, 4'-
diamine (NPB, 8 nm)/Algs (30 nm)/LiF (1 nm)/Al
(1 nm)/Ag (20 nm). The active area of the device is
2 x 2 mm?. The EL spectra at different observation angles
were measured by a fiber optic spectrometer, and a slit
was used to limit the angular acceptance to ~1°. The vol-
tage (V)-luminance (L) and V-current density (J) charac-
teristics of the devices were measured by Keithley 2400
programmable voltage—current source and Photo Re-
search PR-655 spectrophotometer. All of the measure-
ments were conducted in air at room temperature.

The angular-dependent electroluminescent (EL) spec-
tra from the direction of both perpendicular [Fig. 3(a)]
and parallel [Fig. 3(b)] to the grooves of the microstruc-
tured TOLEDs are measured, which indicates that the
usual variation of the peak wavelength with viewing an-
gles associated with microcavity effects has been elimi-
nated in both of the direction. An obviously broadened
bandwidth was also observed. While in case of the planar
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Fig. 3. (Color online) EL spectra of the microstructured
TOLEDs at various viewing angles off the surface normal
and from the direction of both (a) perpendicular and (b) parallel
to the grooves of the microstructure. Inset in (a): EL spectra of
the planar TOLEDs at various viewing angles and photograph of
the green TOLEDs with and without the microstructure at ob-
servation angles of 0° and 60°. Inset in (b): Polar plots of the
emission intensities of microstructured and planar TOLEDs,
respectively.
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Fig. 4. (Color online) (a) J-V-L and (b) efficiency-voltage char-

acteristics of TOLEDs without and with the microstructure.

TOLEDs [the inset in Fig. 3(a)], a 35 nm blueshift can be
observed at the observation angle of 60°. The inset in
Fig. 3(b) shows the polar plots of the emission intensities
for the planar and microstructured TOLEDs. Compared
to the planar TOLEDs, the emission intensities of the
microstructured TOLEDs show an obviously slower de-
crease with the increasing of the observation angle, and
the emission intensity reduces to 87.3% and 52.1% at 30°
and 60° off the surface normal, respectively, while it is
82.8% and 16.9%, respectively, for the planar TOLEDs.
Moreover, the emission pattern modified by the intro-
duced microstructure coincide with the Lambertian dis-
tribution at the viewing angle from 0° to 30°, and exhibits
an even slower decrease of emission intensity from 30° to
60°. The above data indicates that omnidirectional emis-
sion has been realized in the green TOLEDs. The photo-
graph of the operating green TOLEDs with and without
the microstructure at observation angles of 0° and 60° are
shown in the inset in Fig. 3(a). Obvious color shift can be
observed from the planar TOLEDs, and on the contrary,
no color variation can be observed by the naked eyes
from the microstructured TOLEDs. The above results in-
dicate that white emission can be expected by employing
the microstructured cavity, and further investigation is
needed to explore its effect on the white TOLEDs.

As we know, the spontaneous emission intensity can
be enhanced in the direction normal to the cavity axis
relative the noncavity devices by satisfying the resonant
condition in a conventional microcavity TOLEDs, and re-
sults in an enhanced EL efficiency at the forward direc-
tion. In case of the TOLEDs with the microstructured
cavity, comparable luminance and current efficiency to
that of the planar devices at the forward direction can
be observed. The J-V-L and the efficiency-voltage charac-
teristics of TOLEDs without and with the microstructure
are summarized Fig. 4. Its maximum luminance and cur-
rent efficiency are 70,380 cd/m? at 16 V and 4.67 cd/A

at 9 V, respectively, while it is 73,430 cd/m? at 16 V and
4.75 cd/A at 8 V, respectively, for the planar TOLEDs.
Taking their differences in the spatial distribution of
the emission intensity into account, a higher efficiency
after integrating over the viewing angle is expected for
microstructured TOLEDs.

In summary, a microstructured cavity with a periodi-
cally and gradually changed cavity length has been intro-
duced into TOLEDs and exhibited its effects in
eliminating the angular dependence of the emission
wavelength and intensity. A conventional holographic
lithography technique combined with filling process of
the groove by the spin coating of polymer film has been
demonstrated as a simple approach with high controll-
ability and reproducibility to construct the microstruc-
tured cavity. The omnidirectional emission from
TOLEDs has been realized, which is essentially important
for the applications of TOLEDs in both display and solid-
state lighting.
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