APPLIED PHYSICS LETTERS 100, 053304 (2012)

Enhanced efficiency of organic light-emitting devices with metallic
electrodes by integrating periodically corrugated structure
Yan-Gang Bi,1 Jing Feng,1,a) Yun-Fei Li,1 Yu Jin,1 Yue-Feng Liu,1 Qi-Dai Chen,1
and Hong-Bo Sun1,2,a)

1
State Key Laboratory on Integrated Optoelectronics, College of Electronic Science and Engineering,
Jilin University, 2699 Qianjin Street, Changchun 130012, China
2
College of Physics, Jilin University, 119 Jiefang Road, Changchun 130023, China

(Received 2 December 2011; accepted 8 January 2012; published online 31 January 2012)
Photons trapped in form of surface-plasmon polariton (SPP) modes associated with the metallic
electrode/organic interface results in a large energy loss in organic light-emitting devices (OLEDs).
We demonstrate efﬁcient outcoupling of SPP modes from one of two metal electrodes by
integrating a periodic wavelength-scale corrugation into the device structure. 30% enhancement in
efﬁciency has been obtained from the corrugated OLEDs with appropriate grating period. The
efﬁcient outcoupling of the SPPs has been veriﬁed by numerical simulations of both absorption
C 2012 American Institute of Physics. [doi:10.1063/1.3680595]
spectra and ﬁeld distribution. V

It is well-known that majority of the light generated in
emissive layer is trapped in organic light-emitting devices
(OLEDs) in form of waveguide (WG) modes in high refractive index indium-tin-oxide (ITO) anode layer and surface
plasmon–polariton (SPP) modes associated with the metallic
cathode/organic interface.1–3 The low light outcoupling (less
than 20%) has become one of the main limitations to high efﬁciency of the OLEDs. Using metallic anode, for example,
thin metal ﬁlm, metal grid, or metal nanowires with high optical transmission and electrical conductivity as a direct
replacement for ITO has a potential to recover the power lost
to the WG mode in ITO.4–6 However, SPP modes exist at the
cathode/organic interface is still a loss, which is up to about
40% in typical planar OLEDs based on small molecules.2,7
Introducing a wavelength-scale microstructure at the metal
surface has exhibited its remarkable effect for excitation and
outcoupling of the SPP modes by providing an additional
momentum to couple the SPP modes into light.8–12 Therefore, improved light extraction would be expected by introducing a microstructure into the electrode of the OLEDs.
Although enhanced light extraction has been demonstrated by using microstructure previously,8 outcoupling for
the OLEDs with two metallic electrodes has not been thoroughly investigated. In this work, we report improved light
extraction of OLEDs with metallic anode and periodic corrugation. Au thin ﬁlm has been used in this work as anode
instead of ITO due to not only its high conductivity and low
absorbance across the visible range, but also the elimination
of the microcavity effect usually persisted in normal OLEDs
with two metallic electrodes. Moreover, the use of the Au
instead of ITO as anode permits the elimination of the power
lost to WG in ITO. The light trapped in SPP becomes the
main power lost, which can be efﬁciently outcoupled by the
introduction of the periodic corrugation into the device structure. The wavelength of SPP resonance at both anode and
cathode/organic interfaces have been determined by both
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experimentally measured and theoretically simulated absorption spectra, and has been tuned by adjusting the period of
the corrugation to coincide with emitting wavelength of the
OLEDs. The enhanced efﬁciency attributed to the excitation
and outcopling of SPP modes at the electrode/organic interface has been veriﬁed by the simulation of ﬁeld distribution.
The periodic corrugation was fabricated on a photoresist
layer spin-coated on the pre-cleaned glass substrates by a
holographic lithography technique. The morphologies of the
corrugation on the photoresist surface were characterized by
an atomic force microscopy (AFM) as shown in Fig. 1(a).
The grating amplitude was ﬁxed at 70 nm by tuning the laser
ﬂuence. A 15 nm thick Au anode layer was deposited on the
prepared substrates and then exposed in ultraviolet environment for 30 min in order to produce AuOx on the surface of
Au ﬁlm to reduce the hole-injection barrier.5 The 25 nm
thick hole injection layer of copper phthalocyanine (CuPc),
45 nm thick hole-transporting layer of N,N0 -diphenyl-N,N0 bis(1,10 -biphenyl)-4,40 -diamine (NPB), 45 nm thick emitting
layer of tris-(8-hydroxyquinoline) aluminum (Alq3), and
cathode of Ca (2 nm)/Ag (100 nm) were deposited sequentially. Here, all layers were prepared by thermal evaporation
in a high vacuum system with the pressure of 5  104 Pa.
The AFM images of the surface morphologies of both deposited Au anode and Ag cathode layers were given in Figs.
1(b) and 1(c). The proﬁle of the deposited layers was essentially a replication of the underlying photoresist, forming a
periodic corrugation throughout the structure. The structure
of the corrugated device is shown in Fig. 1(d). For comparison, a planar OLED was also fabricated on planar area of
same photoresist coated substrates. The absorption spectra
were measured by UV-VIS spectrophotometer (UV-2550,
SHIMADZU). The angular dependent electroluminescent
(EL) spectra were measured by ﬁber optic spectrometer. A
slit was used to limit the angular acceptance to 1 , and the
OLEDs were placed on a rotation stage with grooves parallel
to the rotation axis. The current density-luminance characteristics were measured by Keithley 2400 programmable
voltage-current source and Photo Research PR-655
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FIG. 1. (Color online) (a)-(c) AFM image of
surface morphologies of corrugated photoresist,
deposited Au anode and Ag cathode with
250 nm period on glass substrate. (d) Schematic
structure of the corrugated OLED.

spectrophotometer. The active area of the device was
2 mm 2 mm, and all of the measurements were conducted
in air at room temperature.
SPP resonance at the corrugated metal surface can be
tuned by adjusting the grating period. Its consistence with
the emitting wavelength of the OLED is crucial for the efﬁcient outcoupling of the SPP modes. First, both experimentally measurement and theoretically simulation of absorption
spectra at normal direction are performed for the OLEDs
with various grating period from 250 to 350 nm to determine
the desired grating period. The thickness of the Ag cathode
is decreased from 100 nm to 50 nm for the absorption measurement. A planar OLED was used as the reference sample
for the absorption measurement of the corrugated OLEDs to
exclude the absorption by the planar metal ﬁlms and the
CuPc at the observed wavelength region, so that the peaks
originated from the SPP resonance supported by the periodic

corrugation can be distinguished clearly. In-house generated
ﬁnite-difference time-domain (FDTD) code are applied to
simulate the absorption spectra.11 Two absorption maxima
are observed, and exhibit blue shift with the decreasing grating period as shown in Figs. 2(a) and 2(b). The peak positions of the measured and simulated spectra agree with each
other very well. One of the two absorption peaks for the
250 nm-corrugated device is at around 524 nm, which coincides with the emission peak of emitter (Alq3) employed in
this device. In order to identify the two absorption maxima
and establish the optical modes supported by the corrugated
OLEDs, spatial steady-state Hz ﬁeld intensity distribution of
the transverse magnetic TM mode across the device structure
as a function of position with the normal incident light has
been calculated for the device with 250 nm grating period.
The results of ﬁeld distribution are shown in Figs. 2(c) and
2(d), corresponding to the two peak wavelength of 400 and

FIG. 2. (Color online) Experimentally measured (a) and theoretically calculated (b) absorption spectra with various period of corrugation.
(c) FDTD simulated distribution of magnetic
ﬁeld intensity in the microstructured sample
with 250 nm period at the wavelength of 400
and 524 nm, respectively.
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524 nm observed from Fig. 2(a), respectively. The ﬁeld intensity is with maximum at the Au/CuPc interface for the
wavelength of 400 nm and at the Ag/Alq3 interface for
the wavelength of 525 nm, respectively, and decays along
the direction perpendicular to it, which demonstrates that the
absorption peaks originate from the SPP modes associated at
the two electrode interfaces.13–15 The longer wavelength one
is from the SPP associated at the Ag electrode interface, and
the shorter wavelength one is from the SPP associated at the
Au anode interface. We should note that there is a difference
in the peak intensity at the short wavelength between the experimental and simulated results. The measured peak intensity of the absorption associated at the Au interface is much
lower compared to that of calculated results. The deposited
Au ﬁlm is only 15 nm, and surface smoothness and ﬁlm continuity would be poor for such a thin ﬁlm, which will limit
the efﬁciency of the SPP resonance and reduce the measured
absorption intensity at its interface.
We can conclude from the absorption spectra that
250 nm of grating period is favorable to extract the SPP
modes at the Ag cathode/organic interface of the Alq3-basd
OLEDs because of its coincidence with the emitting peak of
Alq3. EL maximum corresponding to the absorption peak
should be observed if the optical modes are coupled out into
far ﬁeld radiation. Angular dependent EL spectra with TM
polarization are measured from the OLEDs with 250 nm grating and compared with that of the measured absorption
spectra to verify the outcoupling of the SPP modes, as shown
in Figs. 3(a) and 3(b). The emission peak in both absorption
and EL spectra splits into two peaks, and shifts in wavelength with increasing observation angle. Their peak wavelength is almost coincident, which demonstrates an efﬁcient
outcoupling of light from the trapped SPP modes, and an
improved light extraction is expectable. The spectra shape

FIG. 3. (Color online) The angular dependent absorption (a) and EL (b)
spectra from 0 to 16 .
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FIG. 4. (Color online) Luminance-current density (a) and efﬁciency-current
density (b) characteristics of corrugated and planar OLEDs. The inset in (a)
shows their voltage-current density characteristics.

between the absorption and EL emission show different, and
a narrower bandwidth in the EL spectra is observed. This is
because the ﬂuorescence of the Alq3 may decide the bandwidth of EL emission, while it has no inﬂuence on that of the
absorption spectra.
The EL performances of the Alq3-based OLEDs with
and without the corrugated structure are shown in Fig. 4.
They show comparable current density at the same driving
voltage, as shown in the inset of Fig. 4(a). The expected
enhancement in both luminance and efﬁciency from the corrugated OLEDs is observed, which shows period dependence. The OLEDs with 250-nm grating period exhibit
maximum EL performance. The maximum luminance is
increased from 14750 to 25250 cd/m2. The maximum current
efﬁciency is improved from 3.2 to 4.19 cd/A, which corresponds to a 30% enhancement. This enhancement in EL efﬁciency conﬁrms the above experimental and simulated
results that the power lost to the SPP modes at the cathode/
organic interface has been recovered as light in far ﬁeld,
which contributes to the much enhanced light extraction.
The fraction of the power trapped in SPPs depends on the device structure, for example, the refractive index and the layer
thickness of the materials employed in the devices.16,17 In
our case, the photons tapped in SPPs may not be extracted
completely and further investigation is needed to optimize
the device and the grating parameters to obtain a higher light
extraction from the SPPs. It is possible to obtain a further
improved light outcoupling by employing a microstructure
with hexagonal or high order symmetry pattern due to its
higher efﬁciency in coupling SPPs to far-ﬁled radiation.18,19
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In summary, a periodic corrugation in wavelength-scale
has been introduced into the bottom-emitting OLEDs with Au
anode, and enhanced light extraction has been obtained. The
introduction of the appropriate periodic corrugation has
allowed the outcoupling of the SPP modes associated at the
cathode/organic interface, which are usually trapped within
planar devices, and results in a 30% enhancement in efﬁciency.
Our results demonstrate that through the use of the periodic
corrugation, power lost to the SPP modes can be recovered,
thus opening an avenue to enhance the OLED efﬁciency.
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and G. Lérondel, J. Appl. Phys. 109, 016104 (2011).
19
P. T. Worthing and W. L. Barnes, Appl. Phys. Lett. 79, 3035 (2001).

Downloaded 31 Jan 2012 to 59.72.114.10. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

