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ABSTRACT: In an organic light-emitting diode (OLED), only about 20−30% of the generated light
can be extracted because of the light lost to the thin film guided modes and surface plasmon. Using
corrugated high-index-refractive substrates, the thin film guided modes can be effectively out-coupled
from the device because of the high index substrate and the loss to the surface plamon is suppressed
due to the corrugated structure. With an additional macro lens attached to the substrate to extract the
substrate mode, we finally demonstrated a green phosphorescent OLED with an extremely high
external quantum efficiency of 63%.
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Organic light-emitting diodes (OLEDs) have become a
promising candidate for lighting applications due to their

flexibility, low-power consumption and excellent color quality.
However, the low extraction efficiency in OLEDs still remains
as the biggest challenge for lighting applications. Although the
internal quantum efficiency has reached close to 100% using
phosphorescent emitters, the external quantum efficiency is
typically about 25%.1−3

The low extraction efficiency in OLEDs is due to the
difference in refractive indices between air (n = 1), the glass
substrate (n ≈ 1.5), and the organic/ITO (1.7−2) layers. In
conventional OLEDs, only 20−30% of the generated light can
escape into air and another 20−30% is trapped in the
substrate,4 and the rest of the emitted light is trapped and
guided in the organic/ITO layers. Depending on where the
optical modes are located in the ITO/organic layers, they can
be categorized into waveguided modes that mostly concentrate
closed to the ITO layer and surface plasmon (SP) mode that
propagates as surface waves along the metal−organic interface,
accounting for close to 50% of the total light output in an
optimized OLED.5

To improve the light extraction efficiency, researchers have
introduced various techniques. The substrate mode can be
extracted effectively using microlens arrays and light scattering
layers.6−8 Waveguided modes can be extracted using photonic
crystals, low-index grids, and high-index substrates.9−15

Especially, using high-index substrates with a refractive index
similar to that of the organic/ITO layers, the waveguided
modes can be significantly suppressed. Leo et al.15 reported
white OLEDs fabricated on high-refractive-index substrates,
resulting in a ∼50% enhancement in external quantum
efficiency (EQE). To minimize the efficiency loss due to the

SP mode, one can either get rid of the metal electrode or use
corrugated structures. To minimize the presence of the SP
mode, Kim el al. have fabricated transparent OLEDs without
the metal electrode and achieved an EQE of 65%. To extract
the SP mode, corrugated OLEDs have been shown to be very
effective.16−21 Specifically, corrugated OLEDs fabricated on
buckling structures with a semirandom periodicity have shown
to give significant enhancements in efficiency across the entire
visible spectrum.16 Although the techniques mentioned above
are effective to extract either the thin-film guided modes or the
SP modes, there has not been a demonstration of effective out-
coupling of both thin-film and SP modes simultaneously.
Here, we report a scheme to extract the waveguided, SP and

substrate modes simultaneously in an OLED. By fabricating
OLEDs on corrugated high-refractive-index sapphire substrates
(n ∼ 1.8), extraction of both the waveguided and SP modes was
fully exploited. Using an additional macro lens on the back side
of the substrate to extract the substrate mode, we were able to
realize a green phosphorescent OLED with an EQE of 63% and
a current efficiency of 225 cd/A. Unlike the conventional
photonic crystals, which are effective only for light extraction at
specific wavelengths, the quasi-periodic corrugated structure
can enhance the extraction in all wavelengths with an emission
profile similar to that of a Lambertian emitter.
The fabrication process for the corrugated sapphire

substrates consists of three steps: (i) coating a monolayer of
silica sphere arrays by Langmuir−Blodgett (LB) technique on
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sapphire substrates, (ii) transferring the pattern of silica sphere
arrays to the top of the sapphire substrate by inductively
coupled plasma reactive ion etching (ICP-RIE), and (iii)
removing the silica spheres on the back side of the substrate
with buffered oxide etch. The schematic diagrams of these
processing steps are illustrated in Figure 1. To fabricate the
sacrificial masks for patterning the sapphire substrate,
monodispersed silica spheres with a diameter of 275 nm were
self-assembled to form a quasi-periodic array on the substrates
using a LB trough, and the details have been documented in
previous work.18 To fabricate the corrugated structure on the
sapphire substrates, we used 10 sccm of BCl3, 25 sccm of Cl2,
and 10 sccm of Ar in a plasma etcher at a radio frequency
power of 450 W and a coil power of 125 W to etch both the
silica spheres and the sapphire substrates at the same time. To
maximize the depth of the corrugated structure, the substrate
was exposed to the plasma until the silica spheres were
completely removed. Using this process, hemispheres are
formed on the sapphire substrate with a periodicity close to the
diameters of the silica particles. The corrugated structure was
characterized using scanning electron microscopy (SEM) and
atomic force microscopy (AFM), and the results are shown in
Figure 2a, b. The AFM and SEM images show the quasi-
periodic pattern fabricated. The diffused ring pattern in the fast
Fourier transform (FFT) patterns shown in the inset of Figure
2b confirms that the grating wave vectors are over all azimuthal

directions, allowing outcoupling of the SP mode over all
azimuthal angles. Figure 2c represents the power spectrum of
the corrugated structure, which shows a nominal periodicity of
260 nm with a full width at half-maximum of 50 nm, indicating
a broad range of grating wave vectors. The SEM image in the
inset of Figure 2a shows the cross-sectional-view corrugated
structure of the sapphire substrate with a depth of about 80−90
nm, which can effectively diffract the SP modes. For direct
comparison, green phosphorescent OLEDs were fabricated on
both corrugated and planar high-refractive-index substrates and
the details of device structure can be found in the Supporting
Information.
To analyze the optical modes in OLEDs fabricated on

sapphire substrates, we calculated the dispersion curve using
transfer matrix method and the results are shown in Figure 3a.
Here, the refractive indices of ITO and Al were taken from our
previous work and published literatures.13,21−23 For simplicity,
the effect of the LiF layer was ignored because of the extremely
thin layer used (1 nm) compared with other layers and the
thicknesses of the substrate and the Al layer were considered
semi-infinite.24 The calculated dispersion curve shows that only
the SP mode can be excited inside of OLEDs on high-
refractive-index substrates. It should be noted that for the
devices fabricated on sapphire substrates, the waveguided
modes are not present because they are coupled into the

Figure 1. Schematic diagram of the fabrication process for the quasi-periodic hemisphere pattern sapphire substrate.

Figure 2. (a) Top-view of SEM image on corrugated sapphire substrate. Inset: cross-section view of the nanostructured sapphire substrate. (b) AFM
image of the corrugated sapphire substrate fabricated with 275 nm silica spheres (Dimensions, 5 × 5 μm2). Inset: fast Fourier transform (FFT)
pattern of the corresponding image. (c) Power spectra from FFT as a function of periodicity for the pattern. Nominal periodicity of 260 nm with a
full width at half-maximum (FHMW) of 50 nm, indicating a broad distribution of the periodicity.
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sapphire substrate, and hence more light is expected to be
trapped inside the substrate.
With the presence of an in-plane component of the grating

wave vector in the corrugated OLEDs, the SP modes can be
effectively extracted. Specifically, for emitters such as Ir(ppy)3
with an emission wavelength maximum at 515 nm, the
optimum periodicity of the grating for normal direction
diffraction on the SP modes was determined to be in the
range of 260−270 nm by transfer matrix method.16,17 Here, we
chose silica spheres with a periodicity of 275 nm to fabricate the
corrugated structure on the sapphire substrates, and the
resulting corrugated structure has a nominal periodicity of
260 nm.
Figure 3b shows the Luminance−Voltage−Current density

(L−V−J) characteristics of OLEDs fabricated on corrugated
and planar sapphire substrates with a macro lens. And the
schematic device structures for both devices are shown in
Figure 3(c). It is generally believed that the corrugated surface
might lead to shorting in the devices. However, our data show
that even with a corrugation depth of about 80−90 nm, it has
no effect on the device leakage current and hence shorting is
not a problem in our corrugated devices. On the other hand,
the corrugation does increase carrier injection resulting in a
higher current density in the corrugated OLEDs. While a part
of current density enhancement is from the larger surface area
of the corrugated structure than that of planar structure, the
major enhancement in current density is attributed to the
thickness variation and the enhanced electric field in the
organic layers due to the corrugated structures.16,18,25 In

addition to the increase of current density, Figure 3b shows the
enhanced luminance in the corrugated device due to extraction
of the SP mode. Figure 3d shows both the current efficiency
and EQE for both devices. The corrugated OLED shows a high
current efficiency value of 225 cd/A and a high peak EQE value
of 63%, whereas the planar device shows 178 cd/A and 52% in
peak current efficiency and EQE, respectively. Compared to the
OLED fabricated on planar sapphire substrates, the enhance-
ment is ∼25% in both current efficiency and EQE. Because
both devices were fabricated on sapphire substrates, wave-
guided modes are not present and the enhancement in the
corrugated device must be coming from extraction of the SP
mode. To confirm the enhanced substrate mode, planar
OLEDs were fabricated on both conventional glass and
sapphire substrates. When a macro lens was used for the
devices, as shown in the inset of Figure 3e, 120% enhancement
in light output was observed from the sapphire substrate,
whereas only 70% enhancement from the glass substrate was
observed, confirming that the enhanced substrate mode in the
sapphire substrate is attributed to the transfer of the
waveguided mode into the substrate mode in devices fabricated
on sapphire substrates. As shown in Figure 3e, the corrugated
OLED shows a Lambertian-like emission profile, indicating that
the outcoupled SP mode is not angular-dependent because of
the randomly distributed grating wave vectors with a broad
magnitude. Because the nominal periodicity of 260 nm here
diffracts the SP mode into the normal direction, a stronger
intensity at normal direction than higher angles (40−60°) is
observed in the corrugated device.

Figure 3. (a) Dispersion curves calculated by transfer matrix method. The solid lines represent the light lines for air and sapphire substrate modes.
(b) L−V−J curves for both plain (black) and corrugated (red) OLEDs. (c) Corrugated 260 nm grating and planar device structures. (d) Current
efficiency (cd/A) and external quantum efficiency (%) for the 260 nm periodicity grating (red) and reference (black) devices (e) Angular
measurements in normal direction for both OLEDs with planar (black) and corrugated structures (red). For comparison, the ideal Lambertian
pattern (green) is plotted as well. Inset: Substrate mode extraction of devices fabricated on both planar glass (dot) and sapphire (dash) substrates by
a macro lens.
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To further understand the origin of the light outcoupling due
to the corrugated device, electroluminescence (EL) spectra for
0, 30, and 60° were measured on both corrugated and planar
devices, and the results are shown in Figure 4a. It should be
noted that all EL intensities of the corrugated devices are
enhanced over all emission wavelengths for all three angles,
further confirming the broad distribution of the grating wave
vectors in the corrugated structure. To verify that the enhanced
outcoupling is due to Bragg diffraction of the SP modes into the
normal direction, the enhancement factor of the corrugated
OLED, which is the ratio of the EL intensity of the corrugated
OLED to that of the planar OLED was measured, and the
results are shown in Figure 4b. This figure shows more
pronounced enhancements at ∼500 and ∼650 nm. To
understand the origin of the light outcoupling enhancements,
we calculated the in-plane propagation vectors of the SP modes
by transfer matrix method and plotted the grating periodicity as
a function of the emission wavelength of the outcoupled light as
shown in Figure 4c. Considering a nominal periodicity of 260
nm in the corrugated structure, the first order (m = 1)
diffraction for the SP mode is responsible for the enhancement
at wavelengths of ∼500 nm. Similarly, the second order
diffraction for the SP mode is responsible for the enhancement
at wavelengths of ∼650 nm as indicated in the blue region in
Figure 4c. Thus, the strong enhancement in outcoupling at
these two wavelengths from the corrugated OLED is a direct
evidence of SP mode extraction via the first- and second-order
diffractions. Additionally, we performed polarized EL measure-
ments to determine the enhancement factor of the transverse
magnetic(TM)- and transverse electric(TE)-polarized modes of
the EL emission, and the results are shown in in Figure 4d, e.
Generally, the excitation of the SP mode comes from the
incident TM-polarized light on the metal−organic interface. As
expected, the enhancement factor regarding TM polarization of
the corrugated OLED from Figure 4d show a similar
wavelength dependence compared to the data measured
without the polarizer as shown in Figure 4b, satisfying the
first- and second-order diffraction conditions. However, similar

enhancements were also observed from the TE-polarized EL as
shown in Figure 4e. Becausee the waveguided mode (TE
mode) is not expected to be present in devices fabricated on
sapphire substrates, the enhancements of the TE polarized light
is due to polarization conversion resulting from diffraction in a
quasi-periodic structure. This so-called conical diffraction,26,27

from quasi-periodic structure has been previously reported in
corrugated OLEDs.17 Due to the randomly oriented grating
wave vectors in all azimuthal angles, diffraction can convert the
polarization from TM-polarized light to TE-polarized light,
further confirming the extraction of the SP mode.
In summary, outcoupling of waveguided and SP modes were

demonstrated with OLEDs fabricated on high-refractive-index
corrugated substrates. With a macro lens to extract the
substrate and thin film guide modes, the resulting OLEDs
have a very high external quantum efficiency of 63% and a
current efficiency of 225 cd/A. With this device architecture,
the light extraction enhancement is independent of wavelength
and the emission profile is similar to a Lambertian emitter,
demonstrating that this device is promising for OLED lighting
applications.

■ EXPERIMENTAL SECTION
For device fabrication, a sputtering system and a thermal evaporator
were used for depositing the ITO electrodes and organic layers on
both corrugated and planar sapphire substrates. The OLED has the
following structure: a 120 nm thick ITO, a 45 nm thick TAPC (4,4′-
Cyclohexylidenebis(N,N-bis(4-methylphenyl)benzenamine)), a 15 nm
thick CBP (4,4′-Bis(N-carbazolyl)-1,1′-biphenyl) doped with Ir(ppy)3
(fac-tris(2-phenylpyridyl)Ir(III)), and 15 nm thick TCTA (tris(4-
carbazoyl-9-ylphenyl)amine) doped with Ir(ppy)3, a 60 nm-thick
3TPYMB (tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane, a 1 nm
thick lithium fluoride (LiF), and a 100 nm-thick aluminum (Al). The
area of the devices is 2 mm × 2 mm. The devices were encapsulated
with cover glass and UV-curable sealant in a nitrogen-ambient
glovebox. A sapphire hemisphere lens with a diameter of 4 mm was
attached to the backside of the sapphire substrate for extracting the
substrate mode using index-matching gel with a refractive index of
1.76. For the devices fabricated on conventional glass substrates, a

Figure 4. (a) Electroluminescence (EL) spectra for both OLEDs with planar (black) and corrugated structures (red) measured in three different
angles. (b) EL intensity enhancement ratio between planar and corrugated OLEDs, plotted by dividing the EL spectrum of the grating device
measure in normal direction by that of the planar device. Stronger enhancements at ∼500 nm and ∼650 nm are due to first-order (m = 1) and
second-order (m = 2) diffraction, respectively. (c) Grating periodicity for normal direction diffraction on the SP mode as a function of emission
wavelength. First- (black) and second-order (red) diffraction condition are satisfied by distributed periodicity of 260 nm grating structure (blue
rectangular box). (d, e) Enhancement ratio of EL intensity of TM- and TE-polarization.
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glass macrolens was attached to the substrate using an index matching
gel with a refractive index of ∼1.5.
For device characterization, a 10 in. diameter integrating sphere

(Labsphere) with photodiode was used for collecting all photons
emitted from the devices driven by a source meter (Keithley 2400).
Electroluminescence (EL) spectra with and without a linear polarizer
were recorded with same source meter and a spectrometer (Ocean
Optics HR4000). The emission profile of the OLEDs was done by
mounting the devices on a rotating stage.
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