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ABSTRACT: It has long been a challenge to develop a highly
efficient outcoupling method for organic light-emitting diodes that
is independent of wavelength and viewing angle, as well as being
nonintrusive into the device structure. Here, we demonstrate a
transparent, top emitting structure integrated with a high index of
refraction waveguide layer and a rough, dielectric diffuse reflector
that eliminates plasmonic, waveguide, and substrate modes without
introducing wavelength and viewing-angle dependence. The simple
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outcoupling structure increases the external quantum efficiency

from 15 + 2% to 37 + 4% compared to an analogous device with a metal mirror, corresponding to a 2.5-fold enhancement
without requiring the use of additional outcoupling structures such as microlens arrays or index matching layers to extract
substrate modes. The method is potentially suitable for low-cost, solid-state lighting due to its simplicity and high outcoupling

efficiency.
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hosphorescent organic light-emitting devices (PHOLEDs)

can achieve 100% internal quantum eﬂiciency,l’2 although
a considerable amount of light is lost within the device
structure™” due to the excitation of substrate,>° waveguide,7_13
and surface plasmon polariton (SPP) modes,"*™" as well as
absorption in the metal contacts. Substrate modes can be
efficiently outcoupled by structuring the air—substrate inter-
face, for example, by using microlens arrays.'”'® However,
reducing loss to waveguide and SPP modes, which is typically
>50% in conventional OLEDs, remains a significant hurdle.
Several methods such as subanode structures,”®'**° high
refractive index substrates,”’ scattering layers,s’lz’zz’23 corru-
gated s,tructures,9’24’25 Bragg scatterers,”’m’27 and micro-
cavities”® have been demonstrated to overcome these losses,
although near-field coupling into SPP modes by the metal
electrode is more difficult to avoid.

In particular, top-emitting OLEDs efficiently excite both
waveguide and SPP modes due to the strong optical cavity
formed between the high-reflectivity semitransparent top
electrode and the thick metallic bottom electrode.”” Several
strate?es such as thick electron transport layers,30 metallic
grids,” and periodically corrugated metal electrodes'">**’
suppress the losses. However, these methods are often
wavelength and viewing-angle dependent, they are invasive of
the device structure, or they are challenging to apply over large
substrate areas.

In this work we demonstrate the elimination of SPP modes
by replacing the bottom metal electrode in top-emitting
OLEDs with a transparent layer of indium tin oxide (ITO)
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deposited on a polytetrafluoroethylene (PTFE, Teflon) diffuse
reflector. The rough reflector surface is planarized by a thick,
integrated high index of refraction polymer slab waveguide.
The outcoupling of this structure is wavelength and viewing-
angle independent. There is no intrusion into the device
structure itself since the OLED structure, including the ITO
anode, is fabricated on the surface of the planar waveguide.
This architecture achieves a 2.5-fold enhancement in out-
coupling efficiency compared to an analogous device fabricated
on an Al mirror. Simulations indicate that the enhancement
can be further increased to 3.4. Importantly, no further light
extraction methods such as index matching layers or microlens
arrays are required to enhance outcoupling, making this a very
simple and potentially low-cost design useful for OLED
lighting appliances.

A schematic cross-section of a top-emitting OLED with a
PTFE reflector is shown in Figure 1. The surface of the
reflector has a root-mean-square roughness of 6.7 um
(measured by profilometry), which is planarized with a
transparent polymer waveguide. Light exiting the OLED
is either directly emitted from the top surface into the viewing
direction or enters the waveguide layer where it propagates
until it is incident on the rough reflector surface. There, the
light is scattered into a Lambertian profile,”" and light within
the emission cone exits into the viewing direction. Light
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Figure 1. Schematic illustration of the PHOLED on a diffuse
reflector. Light incident on the diffuse reflector is scattered into a
Lambertian profile (red circles), and light in the emission cone is
scattered into the viewing direction (green cone).

incident at angles greater than that for total internal reflection
at the polymer—air interface is returned to the diffuse reflector,
where it is scattered once again. This repeats until the light is
either absorbed or scattered into the viewing direction. As
shown in Figure 2a, the PTFE layer has a very low loss even
after multiple reflections, enabling multiple iterations of light
scattering until the light is extracted.

For an ideal, lossless reflector, the ratio of incident to
scattered light power toward the viewing direction from a
single diffuse reflection (Rg) is determined using Snell’s law,
viz.,, Rg = (n,;,/np)*, where n,;, and np are the refractive indices
of the air and waveguide layer, respectively. Then, the ratio of
the light intensity extracted into the viewing direction to that
within the waveguide layer (7p) following the path shown in
Figure 1 becomes

My = Rg+ (1 = R)Rg + (1 — Rg)*Rg + ...

=2 (1-Ry'Rg=1

n=0

(1)

In practice, absorption and reflection losses must be taken into
account. To quantify the importance of these effects, we use
ray tracing to calculate 5, as a function of waveguide layer
thickness and absorption coefficient («), assuming 5% loss at
each reflection. As expected, the 7, increases as absorption and
reflection losses are reduced; see Figure 2b and c, respectively.
The only loss channel in this case is the light propagating to
the substrate edge: <0.1% for the (2.5 cm)” substrate used in
the simulation. As shown in Figure 2c, the primary limit to 7p
is the absorption in the waveguide layer.
The outcoupling efficiency (#,,,) of the OLED is then

Noue = Nra T Mplls ()

where 71, is the fraction of light emitted from the top surface
and 74 is the fraction of light coupled into the slab waveguide.
The simulated®** modal power intensity of both top and
bottom OLED emission as a function of the normalized in-
plane wave vector u = ky/(ngpiko) (here ky is the wave vector
of the dipole radiation field in the plane of the interface, k, is
the wave vector in a vacuum, and ng, is the refractive index of
the organic layer) of the cavity at different waveguide layer
refractive indices (np) at the wavelength of 4 = 530 nm are
shown in Figure 3a and b, respectively. Top emission power
propagating with wave vectors 0 < u < n,,/ngyy is emitted into
the viewing direction (air modes). Modal power with wave
vectors of n,/ngyy, < U < np/npyy is totally internally reflected
at the air—top electrode interface. It is subsequently incident
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Figure 2. Reflectance and outcoupling efficiency of the diffuser. (a)
Reflectance of the PTFE diffuse reflector measured using an
integrating sphere. Calculated (b) outcoupling efficiency (17p) and
(c) waveguide layer absorption of the light-diffusing substrate as
functions of waveguide thickness and absorption constant (c). The
experimental results are indicated as points.

on the waveguide layer (substrate modes). All the bottom
emitted power propagating with wave vectors 0 < u < np/ngyy
couples into the waveguide. For np/ngyy < u < 1, both top and
bottom emission propagates within the OLED active layer.
Note that no power exists at u > 1, which corresponds to the
power coupled into SPP modes. In Figure 3a and b, vertical
dashed lines correspond to n,,/ngy = 0.55, and np/ngyy =
0.77, 0.88, and 0.99 for the substrate—waveguide mode
boundary at each np. For np = 1.8, most of the nonradiative
modal power propagates within the waveguide layer and is
subsequently extracted into the viewing direction via scattering
from the rough diffuser interface at the bottom of the polymer
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Figure 3. Modal power distribution vs in-plane wave vector for
various waveguide layer refractive indices. Simulation of the dissipated
optical power of the PHOLED emitted (a) from the top and (b) from
the substrate surfaces at a wavelength of 530 nm, i.e., at the emission
peak of Irppy,acac emission. (c) Calculated coupling efficiency into
the waveguide layer (775) as a function of waveguide layer refractive
index (np).

waveguide. Figure 3¢ is a plot of #1qp#s Vs np, with the result
that #qen7s = 67% at np = 1.8.

To demonstrate the enhancement in external quantum
efficiency (175qz), green and white PHOLEDs with transparent
top and bottom contacts were grown on diffuse and metal
reflectors. Figure 4a and b are plots of the current density—
voltage (J—V) and external quantum efficiency characteristics
of the PHOLEDs, respectively (see Methods for structures).
The identical J—V characteristics of the PHOLED on the

3317

4
o X1 3.5
£ o Diffuse
§ 10'F & Mirror 3.0 P
£ .4 253
= 10 - §
10" I
= 155
£10? =
© 1.03
S _3 1 “—L\J
(3 10 0.5
A0 T
10 20
Voltage (V)
b 50
© Diffuse (Green)
O Mirror (Green)
40} & Diffuse (White)
Mirror (White)
X
"Tu
&
=

0.1 1 10
Current Density (mA/cm2)

Figure 4. Characteristics of PHOLEDs fabricated on metal mirror
and diffuse reflector substrates. (a) Current density—voltage—
luminance (J—V—L) characteristics of the green-emitting PHOLED
on the two substrates. (b) Current density vs external quantum
efficiency (J=#gqg) of the white and green PHOLEDs deposited on
metal and diffuse reflecting substrates.

diffuser and the Al mirror show that the flat top surface of the
waveguide does not lead to a loss in performance of the
subsequently deposited device. The green, diffuse reflecting
PHOLED shows a peak 17pqg = 37 + 4%, whereas with a metal
mirror, Npqp = 15 + 2%. A similar enhancement is observed for
the white-emitting PHOLED (W-PHOLED), where 1z = 21
+ 3% for the diffuse compared with 9 + 1% for the metal
reflector.

The ability of the diffuse reflector to outcouple guided
modes was quantified by comparing its performance with that
of a green electrophosphorescent OLED fabricated on a
sapphire substrate with a similar refractive index of n,,, = 1.77
at A = 530 nm. The sapphire substrate yields #7,qp#ra = 7 £ 2%,
where 7,z refers to the internal quantum efficiency. Therefore,
from eq 2, the light coupled into the waveguide layer shows an
outcoupling efficiency of #1q1s/p = 30 + 5% and 8 + 3% for
the diffuser and metal mirror structures, respectively, resulting
in a 3.8 + 1.5-fold increase in extraction into the viewing
direction via diffuse scattering. In Figure 3¢, #iqpts = 67% for
np = 1.8, yielding 1 = 45% and 12% for diffuse and Al mirror
substrates, respectively. This corresponds to the ray tracing
result in Figure 2b of p = 49 + 6% for a = 0.4 + 0.1 mm™!
and a thickness of 240 + 9 pm measured for the waveguide
(data point), compared to 7 = 15 + 1% for the 20 + 1 um
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thick waveguide used for the metal mirror reflector. These
results are summarized in Table 1.

Table 1. Modal Power Distribution of Scattering and
Specular (Metal) Reflector Substrates

diffuse reflector metal reflector

Neqe” 37 £ 4% 15 + 2%

haeiTa’ 7 +2% 7+ 2%

MQEs!p active area 14 + 5% 30 £ 5% 8 + 3%
periphery 16 £ 2%

ns” 67% 67%

S 45% (49%) 12% (15%)

“Measured. “Calculated based on Green’s function analysis.
“Combined result from experiment and Green’s function analysis.
The result in parentheses is from ray tracing analysis.

The diffuser increases the étendue of the system, thus
introducing emission outside of the PHOLED active area
defined by the device contacts. Figure Sa and b show the
normalized radiated power intensities from the PHOLED
deposited on a diffuse reflector and Al mirror, respectively. The
calculations assume @ = 0.4 mm™, a 1 mm? device area, and
waveguide layer thicknesses of 240 and 20 ym for the diffuser
and Al mirror, respectively. The black dashed lines define the

device contact area. Photographic images of emission from
PHOLEDs on each substrate are shown in Figure Sc and d,
insets, showing similar behavior to the simulation. The
redirection of the incident rays from the diffuse reflector
isotropically redistributes the power, thus showing a circular
emission pattern. Thinner waveguide layers suppress this effect
due to the smaller subtended area. Contrary to the diffuse
reflector, the specular reflection of the Al mirror does not affect
the azimuthal ray direction, maintaining the defined device
appearance.

To investigate the fraction of the peripheral emission from the
PHOLED using the diffuser layer, we measured its intensity
profile following the trajectory of the dashed lines in Figure Sa
and b, with the results given in Figure Sc and d along with a fit
using ray tracing. The index of refraction at the top surface of
the optical cavity changes from the ITO contact (o = 2.1) to
the waveguide layer (n, = 1.8), resulting in the emission peaks
at the device edges in Figure 5d. Integrating the radiated power
outside the device active area indicates that 54% of the total
emission is emitted beyond the contact periphery for the
diffuser, whereas the Al mirror substrate showed <10% of
emission from the periphery. As expected, the fraction of
peripheral emission decreases with device area.

We simulated 5, of OLEDs whose areas cover a large
fraction of the substrate size (25 mm?), which is the common
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Figure S. Radiant power intensity profile for PHOLEDs on diffuse reflector and Al mirror substrates. (a) Simulated radiant power for a PHOLED
on a diffuse reflector substrate. The white dashed line shows the measurement trajectory for (c). The black dashed line indicates the device active
area. (b) Simulated radiant power for the PHOLED on a specular (metal mirror) substrate. (c, d) Measured (circles) radial peak intensity profiles
along the white dashed line bisecting the PHOLED in (a) and (b) along with the ray tracing fit (lines). Insets: Photographs of emission from the

green PHOLED deposited on each substrate.
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situation found in actual lighting panels. The results of the
simulation are provided in Supporting Information, Figure SI.
We find that 7 is unchanged for device areas of <20 mm?”. At
>20 mm’, 7p was reduced due to the waveguided emission
reaching the substrate edge, although the effects were <2%.
The fraction of peripheral emission decreases with increased
device area, resulting in the loss of only an insignificant fraction
of the light in the waveguide layer at the substrate edge for
large-area devices.

The spectrum of a conventional PHOLED depends on
viewing angle due to weak optical microcavity effects.” Bulovic
et al.” measured the angular distribution of the radiant intensity
and showed that the spectral shift in a green OLED is
approximately 30—40 nm, depending on the device structure.
Cavity effects are more pronounced for top-emitting OLEDs
due to the large difference in the refractive index between the
transparent ITO top contact and air. This effect is especially
critical for white light sources due to their broad spectra. The
use of a high refractive index wave§uide layer suppresses
spectral shifts at large viewing angles,”” thus reducing cavity
effects. As a result, the spectra of the devices on both the
mirror and the diffuse reflector substrates are independent of
viewing angle, as shown in Figure 6a. The spectrum of the
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Figure 6. Emission profiles of the white PHOLED. (a) White
PHOLED emission spectrum at viewing angles of 0°, 30°, and 60°.
(b) Polar plot of the peak intensity. The solid line indicates a
Lambertian profile.

device on the mirror substrate measured perpendicular to the
substrate (0°) shows Fabry—Perot resonances due to the
interference within the waveguide layer. Light scattering into
all directions by the diffuse reflector eliminates the resonances.
Furthermore, scattering by the diffuse reflector results in a
Lambertian emission profile, shown in Figure 6b.
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The thickness of the waveguide affects the power lost via
absorption. The ray tracing simulations show that 7 can
approach 75% for a 50 pm thick waveguide layer at a = 0.4
mm~’, leading to Neqe = 68% with 100% device internal
quantum efficiency. From this we infer a 3.4-fold enhancement
compared to the substrate with the metal mirror. The emission
profile also depends on the waveguide layer thickness. This
results since more reflections occur during lateral propagation
in a thinner waveguide layer. A S0 um waveguide layer is
expected to show a peripheral emission of 13%.

Since power coupled into nonradiative modes is not
viewable, outcoupling schemes fall into two categories:
concentrating power into air modes”® or redirecting the wave
vectors of the nonradiative modes. A means for redirecting the
wave vector is via scattering,”**>* which provides a route to
reduce the in-plane momentum from n,,/ngyg <u<1to 0 <u
< ny/ngm. The Lambertian profile of the diffuse reflector
shows that it evenly redistributes the incident power for each
wave vector. Figure 7a shows the variation in modal power
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Figure 7. Modal power distribution evolution with number of
reflections. (a) Modal power distribution vs the number of reflections
in the waveguide layer. The dashed line represents the boundary
between air and substrate modes at u = n,/np. (b) Distribution of
modal power in air and substrate modes following each reflection.

distribution vs the number of reflections in the waveguide
layer. At each reflection the power confined in the waveguide
layer (ny./np < u < 1) is redistributed into all wave vectors,
where wave vectors of 0 < u < n,,/np are extracted into the
viewing direction. Thus, the power confined within the
waveguide layer decreases as the wave propagates. The
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integrated modal power of air and substrate modes is given in
Figure 7b.

A number of scattering methods redirect only a fraction of
the scattered light into the viewing direction, and hence in
those approaches, an outcoupling efliciency similar to that
achieved here requires further enhancements by using
microlens arrays or index matching fluid (Table S2 for
performance of different outcoupling schemes). In addition,
the coupling into SPP modes and absorption by metal
cathodes lead to additional losses, preventing wave prop-
agation over long distances. The use of a diffuse reflector with
a transparent OLED completely prevents coupling into these
loss channels. Therefore, efficient outcoupling is possible using
only the diffuser and waveguide, making it considerably
simpler and less costly to implement.

In conclusion, we demonstrate an efficient, transparent top-
emitting structure with a diffuse reflector planarized by a
transparent slab waveguide. The diffuse reflector eliminates
losses due to coupling to SPP modes, while redirecting the
laterally propagating light within the waveguide layer into the
viewing direction. The planarizing polymer with a high
refractive index (np = 1.8) is deposited onto the diffuse
reflector surface to maximize the light coupled into the diffuser,
as well as to create a smooth surface on which to fabricate the
PHOLED. The device on the diffuse reflector showed 2.5-fold
enhancement in external quantum efficiency compared to an
analogous PHOLED on a metal mirror. The architecture does
not require additional outcoupling structures such as microlens
arrays to enhance the outcoupling efficiency. The diffuse
reflector shows no wavelength or viewing angle dependence,
exhibiting a Lambertian emission profile. Our results provide a
simple solution at a potentially low cost for OLED lighting
applications.

B METHODS

Substrate Preparation. The PTFE reflector (Spectralex,
Lake-Photonics GmbH) was exposed to UV-ozone for 20 min
prior to coating by the polymer waveguide (NOA 170,
Norland Products, Inc.). A flat (root-mean-square roughness
<0.5 nm) polydimethylsiloxane stamp attached onto a glass
handle was pressed onto the polymer on the diffuser surface for
planarization, during which it was exposed to UV light for 220
s prior to stamp removal. The metal mirror substrate was
fabricated by depositing a 100 nm thick Al mirror on the glass
substrate followed by spin coating the polymer waveguide at
3000 rpm on its surface. Then the polymer was exposed to UV
light as above.

Device Fabrication. A 50 nm thick ITO cathode (bottom
electrode) was deposited on the smooth polymer surface using
Ar plasma sputter deposition at S mTorr. The active regions of
the PHOLEDs were grown by vacuum thermal evaporation at
a base pressure of 1077 Torr. The green transparent PHOLED
comprised bathophenanthroline (BPhen):Li 20 nm/BPhen 40
nm/4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP):bis(2-
phenylpyridine) (acetylacetonate)Ir(IIT) (Irppy,acac) 30 nm/
4,4’-cyclohexylidenebis[N,N-bis(4-methylphenyl)-
benzenamine] (TAPC) 60 nm/TAPC:MoQO; 30 nm. This was
capped with a sputter-deposited, 50 nm thick top ITO anode
using similar conditions to those of the cathode. The same
structure was simultaneously deposited on both metal mirror
and diffuse reflector substrates.

The white PHOLED comprised BPhen:Li 40 nm/3,3",5,5'-
tetra[ (m-pyridyl)phen-3-yl]biphenyl (BP4mPy) 1S nm/

3320

CBP:bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)-
Ir(IIT)(FIrpic) 10 nm/CBP:Irppy,acac:bis(2-methyldibenzo-
quinoxaline) (acetylacetonate)Ir(IlI) (IrMDQ,acac) 15 nm/
TAPC 20 nm/TAPC:MoO; 30 nm/thick ITO 50 nm. The
devices were patterned using a shadow mask of an array of 1
mm strips, resulting in a crossbar of top and bottom ITO
contacts that defined the 1 mm X 1 mm device active area.
Device and Reflector Characterization. The current
density—voltage characteristics of the PHOLEDs were
measured using a parameter analyzer (HP414S, Hewlett-
Packard) and a calibrated photodiode (S3584-08, Hamamatsu
Photonics) following standard procedures.’”” The emission
spectra at ] = 10 mA cm™ were measured using a spectrometer
(USB2000, Ocean Optics, Inc.) connected to the device via an
optical fiber (P400-5-UV-vis, Ocean Optics, Inc.). The
reflectance from the PTFE diffuse reflector was measured in
an integrating sphere. A spectrometer was used to measure the
spectrum of the excitation light source (OSL1, Fiber
Hluminator, Thorlabs, Inc.) connected to the integrating
sphere with and without the sample present. The spectra
were compared to obtain the sample reflectance. Angle-
dependent emission spectra were measured by placing the
substrate perpendicular to the plane of detection and
positioning the detector on a motorized rotational stage.
Device Simulation. The modal power distribution of the
PHOLED was calculated based on Green’s function
analysis.>>** The device structure used for the simulation is
ITO S0 nm/BPhen 60 nm/CBP 30 nm (active layer)/TAPC
90 nm/ITO 50 nm/waveguide layer. We used the refractive
indices at 4 = 530 nm, corresponding to the peak wavelength
for Irppy,acac emission. The dipole orientation of Irppy,acac
(0 = 0.23) was included in the simulations,® and the emitter
location was assumed to be in the center of the EML. The 16%
electrical loss in internal quantum efficiency, obtained from the
fit of the top emission from the OLED on the sapphire
substrate, was used for the analysis in Figure 3c. The light
within the substrate was calculated using the Monte Carlo ray
tracing method. Calculation details are included in Figure S3.
Refractive indices for all materials were measured using
variable-angle spectroscopic ellipsometry (Figure S4).
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