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ABSTRACT: We demonstrate efficient light extraction from
the active region of bottom-emitting organic light emitting
devices (OLEDs) using a high refractive index, nondiffractive
hemispherical microlens array located between the transparent
anode and embedded in the low refractive index glass substrate
(n = 1.5). The subelectrode microlens array (SEMLA) results
in a maximum external quantum efficiency of 70 ± 4% for
green phosphorescent OLEDs (PHOLEDs). Furthermore, the
wavelength- and viewing-angle-independent light extraction
structure results in white PHOLED external efficiencies of 50 ± 3%. The SEMLA light extraction structure is nonintrusive; that
is, it lies completely outside of the OLED structure. Since this design has no effect on the image resolution, it is compatible with
applications for both displays and white light illumination, with no dependence on molecular transition dipole orientation and
the active organic layers (and hence diode electrical characteristics) used in the PHOLED. Finally, due to the micrometer-scale
feature size of the SEMLA, it is achieved using conventional photolithography prior to the OLED array deposition.
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Numerous challenges toward commercialization of organic
light emitting devices (OLEDs) have been overcome by

the introduction of efficient phosphorescent OLEDs (PHO-
LEDs),1−3 doped transport layers,4 and outcoupling schemes
that have led to the OLED display revolution. However, while
PHOLED internal quantum efficiencies (ηIQE) can reach 100%,
most of the emission remains trapped without light extraction
structures, resulting in external quantum efficiencie (ηEQE) of
∼20%.5,6 The trapped light, due to the refractive index
differences between the several layers in the structure, can be
separated into three modes: substrate, waveguide, and surface
plasmons. The substrate modes are trapped by total internal
reflection at the glass−air interface. Substrate modes are
conveniently extracted by microlens arrays (MLAs)7 or
scattering layers.8 Waveguide modes trapped in the device
active region result from the higher refractive indices, n, of
organic layers and the indium tin oxide (ITO) anode (norg ≈
1.8, nITO = 1.9−2.1) than the glass substrate (nglass = 1.45−1.5).
The surface plasmon mode is excited by emission in the near
field and propagates along the metal−organic interface. Many
techniques have been proposed to extract light from waveguide
and surface plasmon modes, such as molecular transition dipole
alignment,9,10 specialized cavity designs,11,12 photonic crys-
tals,13 high refractive index substrates,14 scattering struc-
tures,8,15,16 and so on.8,17−20 Many methods are incompatible
with existing organic materials or active region structures,
producing undesired angular emission profiles, distortion of the
emission spectra, or complicated and high-cost fabrication
procedures. Recently, a high refractive index layer with sub-

micrometer-scale voids21 beneath the transparent electrode has
been shown to extract all optical power but surface plasmon
modes, which is comparable to the performance of subanode air
grids.17 With an optimized white OLED active region, this
method reached ηEQE = 78% with color stability across all
viewing angles. However, the fabrication procedure is
complicated with potentially high costs.
Here we demonstrate a simple, efficient, and wavelength-

independent method for extracting trapped light in the active
region into the air and substrate modes by embedding a
microlens array between a transparent electrode and the glass
substrate. The subelectrode microlens array (SEMLA) shown
in Figure 1a consists of a flat spacer layer on top of a hexagonal
closed-packed array of 10 μm diameter hemispherical lenses
with a refractive index (nSEMLA) of 1.8. The microlens trenches
in the glass substrates show the hemispherical shape of the
SEMLA in Figure 1b. The lenses are closely packed, leaving no
flat plateau area in between. The SEMLA surface is smooth,
eliminating optical scattering from the structure. The
dimension is based on the previous studies,7 with no further
optimization. The structure does not intrude into the device
active region and, hence, places no constraints on the design of
the OLED itself. The lens array is fabricated using conventional
photolithography (see Methods) while being much smaller
than a display pixel size (typically >30 μm). Figure 1b shows a
glass substrate containing the SEMLA structure (highlighted by
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dashed lines) on a printed background, with no apparent
impact on the image sharpness. Figure 1b, inset, shows a
microscopic image of a section of a glass substrate covered by
the SEMLA structure. The substrate is patterned with a square
grid with a 100 μm period and 20 μm wide metal gridlines,
which is comparable to a mobile phone display pixel size. The
SEMLA has a negligible impact on image resolution when
magnified at this level.
The high refractive index of the SEMLA extracts waveguide

modes from organic and ITO anode layers. Figure 2a and b
show the calculated optical power distribution in the devices
with and without the SEMLA based on Green’s function
analysis, assuming that the spacer layer is semi-infinite (see
Methods). The device structure used in the calculation is the
following: 40 nm ITO anode/40 nm hole transport layer/20
nm emission layer/electron transport layer/Al cathode. For the
SEMLA refractive index of nSEMLA = 1.8, the waveguide modes
are reduced to almost zero for an electron transport layer
thickness of <70 nm, with the SEMLA structure extracting all
radiated optical power except for the surface plasmon modes.
The optical power exits into the glass substrate from the high-
index hemispherical microlens array. The light extraction from
the SEMLA into glass (nglass = 1.45) is more efficient than from
an external MLA (nMLA = 1.4−1.5) into air (nair = 1) due to
reduced reflection at the lens/glass interface with its larger
critical angle. This behavior has been verified by a ray tracing
simulation (see Methods), with results in Figure 2c. The
discontinuities in the transmission spectra result from total
internal reflection at the flat plateaus between the lenses. As the
ratio of refractive indices of the microlens (nlens) to the medium
in which it is embedded (nout) increases, the transmission at all
incident angles decreases. Thus, nSEMLA is chosen to be high

enough to suppress waveguide modes in the organic and ITO
layers, but not so high that the array itself becomes
waveguiding. Air gaps between the substrate and the MLA, as
demonstrated previously,22 increase reflections and, hence,
should be avoided. Since the total transmission through a
microlens array also depends on the angular profile of the
emission source, the light extraction efficiency into the
substrate may vary for different organic cavities.
To demonstrate the enhancement in light extraction, green

and white PHOLEDs (WOLEDs) were fabricated on conven-
tional glass, sapphire (nsapphire = 1.77), and SEMLA substrates.
An external MLA was also attached to SEMLA substrates to
further enhance outcoupling. The total quantum efficiency of
both air and substrate modes was measured using a commercial
index matching fluid (IMF) to measure the extraction efficiency
of trapped light from the ITO and organic layers. The IMF
indices were nIMF,low= 1.51 for the SEMLA and conventional
glass substrates and nIMF,high = 1.70 for sapphire, enabling
outcoupling of substrate modes.
The performance characteristics of the green PHOLEDs with

different substrates are shown in Figure 3. All devices have
identical electrical characteristics since the SEMLA does not
intrude into the device active region. The green-emitting device

Figure 1. (a) Schematic illustration of devices on a subelectrode
microlens array (SEMLA) substrate. (b) Left: Scanning electron
microscope image of the microlens-shaped trenches in glass substrates
(upper) and the cross section of a SEMLA substrate with a dashed line
highlighting the interface between the lenses and the glass (bottom).
Right: Image of a SEMLA substrate on a printed image, with the
microlens side facing the image. The white dashed lines enclose the
SEMLA structure area. Inset: Microscopic image of a SEMLA on top
of a substrate patterned with a square grid with a 100 μm pitch and 20
μm wide gridlines. Use of the logo is by permission.

Figure 2. Optical power modal analysis vs electron transport layer
(ETL) thickness on (a) a conventional glass substrate and (b) a
SEMLA substrate. The power is distributed into air, substrate (Sub),
waveguide (WV), surface plasmon polariton (SPP) and lossy metal
(Loss) modes. (c) Ray tracing simulation results for the transmission
through a microlens (nlens) to the medium in which it is embedded
(nout) vs incident angle to substrate normal.
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comparisons are obtained at a luminance of 100 cd/m2. The
SEMLA alone enhances ηEQE from 25 ± 3% for a PHOLED on
a flat glass substrate to 30 ± 3%, representing an improvement
by an outcoupling enhancement factor (EF) of 1.2. The
outcoupling is further enhanced by EF = 1.9 to ηEQE = 47 ± 4%
using an external MLA to improve substrate outcoupling. Using
IMF at the glass−air interface in conjunction with the SEMLA
extracts 65 ± 5% (an EF = 2.6) of the total generated photons,
compared with 51 ± 4% for conventional glass and 60 ± 4% for
sapphire substrates. The most efficient device using the SEMLA
reaches ηEQE = 70 ± 4%. The spectra of PHOLEDs employing
the SEMLA along with sapphire substrates are identical. It is
slightly broader than that from conventional glass substrates
due to weaker cavity effects in the SEMLA since nSEMLA ≈
nsapphire ≈ norg.
The optical output characteristics of white PHOLEDs

(WOLEDs) are shown in Figure 4. The SEMLA enhances
ηEQE from 16 ± 2% for conventional glass substrates to 20 ±

2% by EF = 1.3. It can be further enhanced to 27 ± 3% using an
external MLA with EF = 1.7. Using an IMF, the SEMLA
extracts 45 ± 4% (EF = 2.8) of the total generated photons into
the glass substrate, compared with 37 ± 3% for conventional
glass and 41 ± 3% for sapphire substrates. The most efficient
WOLED using the SEMLA reaches ηEQE = 50 ± 3% by EF =
3.1. This is one of the most efficient WOLEDs reported,22−24

limited primarily by the efficiency of the device25 rather than
the outcoupling scheme. The spectra from the three different
substrates without an external MLA are shown in Figure 4b.
Both sapphire and SEMLA substrates have high intensities in
the red and blue spectral regimes compared with the
conventional glass substrate, showing boarder spectra resulting
from weaker cavity effects.
The WOLED spectra at different viewing angles on a glass, a

SEMLA substrate with an external MLA (SEMLA MLA), and a
SEMLA substrate with a large hemispherical outcoupling lens
(SEMLA HS) are shown in Figure 4c. The spectral blue shift at
large angles is only observed for the control device. The
SEMLA eliminates this common spectral shift at large angles,
making it more suitable for display and white light illumination
applications. The angular intensity profile of the conventional
device is much narrower than a Lambertian source. In contrast,
the SEMLA-modified substrates show higher intensities at large
viewing angles, bringing them closer to a Lambertian source.
The simulated light extraction efficiency into the SEMLA

(60% in Figure 2b) is lower than measurements (65 ± 5% in
Figure 3b), even when assuming 100% transmission (Figure
2c) from the SEMLA into the glass substrate. The mismatch
partially results from birefringence26 (with ordinary and
extraordinary indicies of refraction of no = 1.8 and ne = 1.6,
respectively) of the electron transporting layer comprising 4,6-
bis(3,5-di-3-pyridylphenyl)-2-methylpyrimidine;4,6-bis(3,5-di-
(pyridin-3-yl)phenyl)-2-methylpyrimidine (B3PYMPM), which
is not considered in the simulation. The 10 to 30 μm thickness
of the flat spacer layer is comparable with the coherence length
of OLEDs,27 but it is nevertheless treated in the simulation as a
semi-infinite plane, which may be another source of the
differences with measurement.
The SEMLA extracts more light than the direct fabrication of

the WOLEDs on high-index sapphire substrates (Figure 3b and
Figure 4a), despite the fact that nsapphire ≈ nSEMLA and there is
less than 100% transmission from the SEMLA into glass. The
lower efficiency of the sapphire substrate results from two
sources. First, there is a minor refractive index mismatch
between sapphire and the IMF (nsapphire = 1.77, nIMF,high = 1.70)
that reduces the outcoupling of light trapped in the substrate.
Second, since the SEMLA thickness is comparable to the
WOLED coherence length, the optical power distribution in
the SEMLA may be subject to destructive interference. The
mismatches between measurement and simulation and between
the devices on sapphire and SEMLA substrates show that the
SEMLA has reached the theoretical limit for light extraction.
This indicates that the SEMLA extracts all emitted optical
power with the exception of residual surface plasmon modes.
The surface plasmon modes can be further enhanced using a
thick ETL, as shown in Figure 2b. Other SPP reduction
strategies such as corrugated structures and optical gratings may
also be integrated with the SEMLA, although they can
potentially increase the fabrication complexity and costs.
The similar enhancement factors of light extraction from

both the green and white PHOLEDs in Figure 5 indicate that
the SEMLA solution is independent of emission wavelength, as

Figure 3. Measured characteristics of green phosphorescent organic
devices (PHOLEDs) on conventional flat glass (Con), SEMLA, and
sapphire (Sap) substrates. Measurements with no additional out-
coupling at the substrate and air interface (air), with an external
microlens array (MLA), and with index matching fluid (IMF) are
indicated. (a) Current density (J)−voltage characteristics of the
SEMLA and conventional devices showing no significant differences.
(b) External quantum efficiencies (ηEQE) of PHOLEDs on different
substrates. (c) Spectra of green PHOLEDs on different substrates with
no additional outcoupling at the substrate/air interface.
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expected. The spectra on the SEMLA and sapphire substrates
are almost identical since the structure is nondiffractive. This
also provides a guideline for cavity designs of OLEDs on
SEMLA substrates. Compared with high refractive index
substrates, the glass−air interface of the SEMLA substrate can
more readily outcouple substrate modes. When employing
external MLAs, the outcoupling into air for nlens/nout = 1.5 is
higher than for nlens/nout = 1.8 in Figure 2c. Thus, the SEMLA
substrates replace sapphire substrates with higher efficiency and
lower costs, at no expense to performance or freedom in device
design.
An external MLA can enhance the ηEQE, but is not as efficient

as the large hemispherical lens or the IMF, as shown in Figures

3b and 4a. The MLA only outcouples ∼70% photons from the
substrate and air modes combined. Figures 3b and 5 show that
∼20% of photons remain trapped in the substrate using the
SEMLA in combination with the MLA. Other technologies for
substrate mode extraction8 appear to exhibit the same
bottleneck. Solutions to improve extraction from substrate
modes are, therefore, necessary to fully exploit the advantages
of efficient waveguide and surface plasmon mode outcoupling
structures such as the SEMLA.
In summary, high refractive index subelectrode microlens

arrays embedded in the glass substrate and beneath the
transparent bottom electrode in OLEDs can redirect 100% of
the light confined in organic and ITO layers toward the
substrate. Its placement below the OLED allows complete
freedom in OLED design and fabrication; the nonintrusive flat
upper surface of the lens array provides a surface similar to that
of a conventional flat glass or plastic substrate. Both
monochromatic and white PHOLEDs fabricated on SEMLA
substrates with external outcoupling show extremely high
efficiencies of ηEQE = 70 ± 4% with EF = 2.8 for green and ηEQE
= 50 ± 3% with EF = 3.1 for the WOLED compared to
analogous devices on conventional glass substrates. This is
significantly more efficient light extraction than other reports of
nonintrusive outcoupling structures. The blue shift eliminated
at large angles along with no perceptible impact on image
sharpness makes this method ideal for white light illumination
and display applications. The spectrum of WOLEDs on
SEMLA substrates remains identical with those on sapphire
substrates, affording both higher efficiency and lower costs with
no expense to performance or freedom in device design.

Figure 4. Measured characteristics of WOLEDs on conventional glass (Con), SEMLA, and sapphire (Sap) substrates. Measurements with no
additional outcoupling at the substrate/air interface (air), with an external microlens array (MLA), and with index matching fluid (IMF) are
indicated. (a) External quantum efficiency (ηEQE) of WOLEDs on different substrates. (b) WOLED spectra on different substrates. The spectra are
collected at the same current density (J), at which the luminance of the control (LCon) is 10 000 cd/m

2. (c) Spectra of devices on a conventional glass
substrate (Con), a SEMLA substrate with an external MLA (SEMLA MLA), and a SEMLA substrate with a large hemispherical outcoupling lens
with IMF (SEMLA HS) at 0°, 30°, and 60° to the substrate normal. The spectra were collected at the same J, at which LCon = 5000 cd/m2. (d)
Angular luminosity distribution of WOLEDs on different substrates. Lamb. indicates an ideal Lambertian emission pattern.

Figure 5. Enhancement factor (EF) of green and white PHOLEDs on
different substrates shown in previous figures, compared with
conventional flat substrates with identical OLED device structures.
The ηEQE are indicated. The green circles and the orange pentagons
denote the green and white PHOLEDS, respectively.
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■ METHODS

Optical Modal Analysis. Optical analysis assumes that an
emitting dipole (wavelength of 540 nm) is located in the center
of the emissive layer with a thickness of 20 nm and refractive
index of 1.83. The emitting dipole has 77% horizontal and 23%
vertical component emission due to dipole alignment of the
green dopant material bis[2-(2-pyridinyl-N)phenyl-C](2,4-
pentanedionato-O2,O4)iridium(III) (Ir(ppy)2acac). The thick-
nesses and refractive indices of each layer are 40 nm thick ITO
with n = 2.1, 40 nm thick hole transport layer with n = 1.70,
emissive and electron transport layers with n = 1.78, and Al
with a complex index of n = 0.6 + 2.8i. The SEMLA and
polymer planarization layers (both made of NOA 170, Norland
Products Inc.) have n = 1.8. All indices of refraction were
measured with an ellipsometer. The glass refractive index is n =
1.45.
Ray Tracing Simulations. The geometry in the simulation

was a hexagonal array of close-packed hemispherical micro-
lenses with an ITO, an organic layer, and a reflective metal on
its planar surface. The refractive indices of the ITO and organic
materials are identical to that of the microlenses, so no
refraction was considered between the microlens−substrate
interface and the metal surface. A 3% loss per pass through the
ITO and 8% loss per reflection at the metal surface were
assumed. The light was assumed to be unpolarized. At each
incidence angle, the transmission was calculated for >1000 rays
evenly distributed over a unit cell and originating from within
the organic layer. The azimuthal dependence was averaged to
provide the transmission as a function of polar angle. To
improve the computation speed, rays with a remaining relative
intensity of <0.5% were eliminated.
Device Fabrication and Measurements. A photoresist

(PR) layer spun onto a solvent-cleaned soda lime glass
(UniversityWafer #3004169267) substrate was patterned with
an I-line ×5 reduction AutoStep exposure system (GCA
AS200) into a hexagonal array with 0.8 μm diameter circular
openings with a 10 μm pitch. After a 10 min hard bake, the
glass with patterned PR was immersed for 6.5 min in buffered
HF Improved (Transene) diluted 6:1 with a surfactant. The PR
was then removed by sonication in acetone and 2-proponal and
a 20 min RCA cleaning step. The NOA-170 was spin-coated
onto the etched glass substrate and cured under ultraviolet
illumination. NOA-170 filled the etched microlens-shaped
trenches and formed a ∼20 μm thick flat layer above the
microlens. After the subelectrode MLA preparation, a 40 nm
thick ITO layer was deposited by radio frequency magnetron
sputtering at 20 W in a chamber with an Ar pressure of 5
mTorr at a rate of 0.1 Å. The glass and sapphire substrates were
cleaned by sonication in tergitol, deionized water, acetone, and
2-propanol and coated with ITO along with SEMLA substrates.
Organic layers and top electrodes were deposited by vacuum

thermal evaporation in a system with a base pressure of 10−7

Torr. The green PHOLED consists of a 2 nm thick MoO3, 40
nm thick 4,4′-cyclohexylidenebis[N,N-bis(4-methylphenyl)-
benzenamine] (TAPC), 25 nm thick, 8 vol % Ir(ppy)2acac
doped in 4,4′-bis(carbazol-9-yl)biphenyl (CBP), and 65 nm
B3PYMPM. The white PHOLED structure consists of 2 nm
thick MoO3, 50 nm thick TAPC, 15 nm thick 4 vol %
Ir(ppy)2acac, 4 vol % bis(2-methyldibenzo[f,h]quinoxaline)-
(acetylacetonate)iridium(III) (Ir(MDQ)2acac) co-doped in
CBP, 10 nm thick bis[2-(4,6-difluorophenyl)pyridinato-C2,N]-
(picolinato)iridium(III) (FIrpic) 10 vol % doped with CBP,

and 55 nm thick 3,3′,5,5′-tetra[(M-pyridyl)phen-3-yl]biphenyl
(BP4MPy). Finally, the cathode consisting of 1.5 nm thick
lithium quinolate and 100 nm thick Al was deposited through
an array of 1 mm diameter openings in a shadow mask.
The refractive indices and thicknesses of materials were

measured using a variable-angle spectroscopic ellipsometer (J.
A. Woollam, WVASE32). To measure the refractive index of
NOA 170, it was mixed with propylene glycol methyl ether
acetate, spin-coated on a silicon substrate, baked, and annealed
under an ultraviolet lamp. Current−voltage−luminance char-
acteristics were collected using a semiconductor parameter
analyzer (HP-4156A) and a calibrated Si photodiode. The
electroluminescence spectra were measured using an Ocean
Optics miniature spectrometer. The ηEQE was calculated using
standard methods.28 The systematic error in the measurement
setup is 6%. The external microlens array (Lumlight,
MA1303001) was applied at the glass substrate before
measurements. To measure the total light intensity in both
the air and substrate modes, index-matching fluid was applied
between the substrates and the photodiode.
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