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1. Introduction

The development in organic light emitting diodes (OLEDs) has been one of the fastest
growing research areas because of their potential applications in lighting and flat panel
displays. Some commercialization of OLED devices such as lightings and displays has
already been made. In particular, OLED displays are awaiting true commercialization
toward large market. However, there are still several problems to be solved. Particularly
two areas require ongoing improvements, 1) light extraction and 2) polarization. In this
chapter the research activities in these two areas are summarized.

2. Light extraction

As far as the material for organic light-emitting diodes (OLEDs) is concerned,
semiconductor-based organic light emitters are the obvious choice because semiconducting
organic light-emitting materials have reached a high level with internal quantum efficiencies
of ~100% [1]. Unfortunately, however, most of this light is trapped inside OLEDs, and only
20% can be outcoupled because of the total internal reflection [2-7]. In this section, various
light extraction technologies are reviewed to suppress guided light loss. In particular, the
enhanced light extraction efficiency by means of photonic structures onto OLEDs is
discussed in depth.

2.1. Limited light extraction and improvement strategy

OLED:s suffer from poor external efficiency that arises from Snell’s law; i.e., light generated
in a high-refractive-index layer tends to remain trapped in the layer due to total internal
reflection [2,3]. In fact, whatever the internal quantum efficiency might be, the light
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66 Organic Light Emitting Devices

extraction efficiency of OLEDs with flat multi-layered structures including no additional
surface modifications is typically only about 20% of the internal quantum efficiency [4,5]. In
such OLEDs, the extracted emission cone to air is very small and only a small fraction of the
light generated in the material can be outcoupled from the device but the rest is trapped
within by the total internal reflection. The emitted light has to travel from the emissive layer
(Morganic = 1.6~1.7) through the ITO contact (mro = 1.8~2.0) and the glass substrate (#substrate =
~1.5) and finally into air (n.ir = 1). By using ray optics, simply the amount of extracted light
out of incident light to the air n can be estimated by the following relation [8].

1

on?

" (1)
where n is the effective refractive index of the emissive layer with respect to the that of
outcoupled space (air) By taking account of Fresnel reflections at the glass/air interface [9]
the calculated extraction of light to the air is only about ~17%.

Resumption of at least part of the remaining trapped light (~80%) has been one of the most
important issues in fabricating OLEDs for practical applications over the past years. The
intense research efforts have been focused on, e.g., substrate surface roughening [10],
microlenses [11,12], monolayer of silica spheres as a scattering medium [13], insertion of
low-refractive-index materials [5], distributed Bragg reflectors (DBRs) [14-20], and one-
dimensional (1-D) or two-dimensional (2-D) photonic structures [21-28]. The research
developments in these areas are described below:

Light extraction by scattering: One of the low-cost methods for enhanced light extraction
efficiency is roughening the substrate surface as shown in Fig. 1(a). The roughness causes
random light scattering at the interface between substrate and air, and thus a guided light can
be extracted from OLEDs. Schnitzer et al. have demonstrated a 30% increase of external
efficiency in GaAs light-emitting diodes (LEDs) using nanotextured surface [29]. In case of
OLEDs, however, this surface roughening techniques have not been used widely because
semiconducting organic materials have relatively low refractive index of 1.7 compared with
inorganic materials (1=3.5). Although a randomly rusted surface can extract guided modes, it
also interrupts the external air modes (within critical angle) by non-transparent surface.
Therefore, inorganic LEDs with larger amount of guided modes have better extraction ratio
than organic LEDs.

(a) (b)

Silica spheres

Figure 1. Schematic structure of OLEDs with modified substrate surface and light extraction.
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To overcome this problem, an ordered monolayer of silica microspheres with a diameter 550
nm as a scattering medium has been used by Yamasaki et al. as shown in Fig. 1(b) [13]. They
have used hexagonally closed packed silica microspheres to enhance the light extraction by
a 2-D diffraction lattice. However, in this structure a spectral change is inevitable by the
periodic configuration of microspheres, and the device does not show Lambertian emission
with the increase of output polar angle from 0° to 90°.

Microlens array: Figure 2 shows a microlens that has been used as an array for light
extraction from the substrate modes [11,12]. The range of diameter of the semi-spherical lens
is typically from a few pm to hundreds of pym. Without such lenses, light emitted into
substrate with large incidence angles is totally reflected internally by the flat interface
between the substrate and air. However, by introducing semi-spherical lenses, the
considerable degree of light is transmitted to the air with less total internal reflection
because the incidence angle with respect to the surface normal of the lens is now lower than
the critical angle. Recently this technology has mostly been used in OLEDs fabricated for
lighting because low-cost fabrication of light extraction films is possible via imprint
processes. However, the enhanced light extraction efficiency achieved so far is only 1.5-1.7
times of that of reference devices without lenses. To make the matter worse, the color
variation with increase of angle is inevitable, preventing the Lambertian emission which is
very essential for lighting. It is shown by Lim et al. that randomly fabricated microlenses can
solve this problem to a certain extent and improve the angle dependence [30].

Figure 2. Schematic structure of OLEDs with a microlens and light extraction.

Insertion of low-refractive-index materials: Tsutsui et al. [5] have used ultrathin organic emissive
layers as very poor waveguides with only a very few allowed modes. This allows a
considerable amount of light to leak into the substrate, and eq. (1) is no longer valid. In
addition, if the index of refraction of the substrate can also be lowered, the light output can
be improved significantly as shown in Fig. 3. Tsutsui et al. have proposed the use of aerogels
with a refractive index close to that of air (naerogei~1) and demonstrated that the out-coupling
efficiency gets doubled.

Distributed Bragg reflectors (Microcavity): Another promising light extraction technique is the
use of microcavity structures [18-20,31,32]. In microcavity devices, the internal emission can
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68 Organic Light Emitting Devices

be effectively extracted via interference effects. In addition, microcavity provides us with
spectral narrowing and spatial redistribution of the emission. Microcavity using inorganic
distributed Bragg reflectors (DBRs) consisting of alternating inorganic layers with different
refractive indices has been extensively studied over the past several decades. The advantage
of DBRs is that they may have very high reflectivity and very low loss. These reflectors have
a selective reflectivity in a specific wavelength range, which can form constructive
interference, and effectively suppress other modes and induce a high reflectance over a
certain range of wavelengths depending on the difference in refractive indices of
constituting layers. This leads to spectral narrowing and intensity enhancement of
spontaneous emission in microcavity OLEDs.

NN

N,
Figure 3. Schematic diagram of light extraction from OLED with (a) conventional structure and (b)

structure with a thin active layer and a low-refractive index layer.> Copyright 2001, Wiley-VCH.
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Figure 4. Schematic structure of microcavity OLEDs.
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The schematic structure of a microcavity is shown in Fig. 4. The total optical path difference
between direct emission and emission after single-round reflection L (see Fig. 4) is given by:

D
G )

/1 neff
L=— +§n‘L‘+
Z[An] —

where nef is the effective refractive index, i is refractive index of ith layer, ¢ denotes phase

shift. The first, second, and third terms stand for effective penetration depth, summation of
the optical thickness in each layer, and phase shift, respectively. Usually, the total thickness
of the organic materials in OLED structure is about 100 nm and the ITO thickness is
determined by considering good electrical conductance and high transparence. Therefore,
the optical length of the cavity can be modified by varying the second term in eq. (2). If
resonant condition for constructive interference is 2L=mA, the light with A is selectively
enhanced and the color purity is also enhanced.

Diffractive resonators: The application of Bragg grating to OLEDs has been reported by
Matterson et al. [21] and Lupton et al. [22]. They have demonstrated an increase in the light
extraction by Bragg-scattering of waveguided light using a corrugated photoresist layer.
However, in this device structure the light must transmit through the absorptive gold and
photoresist layers, which limit its absolute efficiency [24]. Later, Ziebarth et al. [23] have
demonstrated a more conventional ITO-based electroluminescent (EL) device using a
stamped Bragg grating into poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) layer. Even though the soft-lithography is beneficial in fabricating large-scale
devices at low cost, waveguide absorption is strong in ITO and patterned PEDOT layers
[24]. This results in reduction of grating effect particularly in the shorter wavelength region.
Fujita et al. have also shown the improved electroluminescence from a corrugated ITO
device using this concept [27,28]. They have used vacuum evaporated EL materials and
square-shaped pattern substrates. Using vacuum evaporation, the organic materials
deposited on patterned substrates retain their pattern shape due to the low adatom mobility
of deposited organic molecules. This corrugated shape through all device structure
enhances the light extraction efficiency by not only waveguided light diffraction but also
surface plasmon. However, a square type pattern is not suitable for fabricating stable EL
devices because of possible electrical short problems.

The enhanced light extraction from OLEDs with diffractive resonators can be explained as
follows. First, waveguided light propagation along the in-plane direction of the device is
emitted to the surface direction by Bragg diffraction in the grating device. Figure 5
illustrates the mechanism of how the diffracted light can be extracted by Bragg diffraction in
a 1-D grating sample for simple consideration. If the light incident on a material with a
refractive index of n2 from that with n1, the diffraction condition is given by

mA =d_(n, sin6, —n,sin6,)(6, > 0,6, <0) 3)
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70 Organic Light Emitting Devices

where A is the wavelength, ni (i=1 and 2) is the effective refractive index, d. is the grating
period, and m is the diffraction order. If we consider a waveguided light to have a high
incident angle (0:~90°) and diffracted light has the lowest diffraction angle (02~0°), then eq.
(3) can be simplified as:

MA = 1,5d, (4)

where neit is the effective refractive index. For m=1, first-order diffracted light can be
extracted to surface normal direction resulting in an increased light extraction.

(a)

—> Emitted light

—> 2 order diffracted light
—> 1storder diffracted light

kysin@ =tk +mk,

k,=free space wavevector

k,,=In-plane wavevector

of a trapped waveguide mode

2
k,=Bragg vector (= e

Figure 5. Typical structure of a diffractive resonator along one axis in the plane of the waveguide. 3
Copyright 2008, American Institute of Physics.

This diffraction relation can also be applied to the surface-emitting distributed feedback
laser. Here we consider a situation where the waveguided and diffracted lights have high
incident angles, i.e., 61 = 90° and 02 = - 90°. By substituting these angles into eq. (3), one
obtains:
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mA = ZnEﬁFdC (5)
For m=2, second-order diffracted light makes the counter propagating mode, which results
in an optical feedback for lasing. Lasing does not occur along the guided direction because
of the low quality of side surfaces but it is outcoupled to the surface normal direction by
tirst-order Bragg diffraction.

Hence, the physical meaning of this relation is that both first- and second-order Bragg
diffractions of waveguided light occur simultaneously in different directions. That means
waveguided light satisfying the Bragg condition is perfectly extracted toward the surface
normal direction by the first-order Bragg diffraction until the second-order Bragg diffracted
light decays along in-plane direction.

2.2. Device fabrication with nano-patterned structures

Nano-patterned structures are prepared to fabricate corrugated OLEDs. For periodic and
quasi-periodic nano-patterned substrates, 1-D and 2-D grating and buckling structures,
respectively, are prepared as described below:

Argon laser
(A=488 nm)

0

Azobenzene film

i\zobenzene
thinfilm

Glass

Figure 6. Schematic illustration of surface relief grating fabrication process.

To form a 1-D surface relief grating (SRG) structure, an azobenzene polymer thin film is
irradiated using two Ar* laser (488 nm) beams. This is achieved due to the mass transport
from the region of constructive interference to that of destructive interference region in
azobenzene polymer, leading to a volume decrease in the highly irradiated (constructive
intereference) region with the increase in the irradiation time as shown in Fig. 6. This
process is quite different from the other more conventional microscopic processes such as
laser ablation and chemical etching. The major advantage of this photo-fabrication approach
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72 Organic Light Emitting Devices

is the possible precise control of grating depth by adjusting the light exposure energy and
polarization states of writing beam.

The two recording lights are circularly polarized. Based on the following equation, the
periodicity of the SRG can be controlled by changing the crossing angle between two
recording laser beams.

= llaser 6

A=2sinG ©

where Ausr is the wavelength of the laser and 0 is an incidence angle. The formed SRG

pattern is transferred onto a UV curable epoxy or a CYTOP (perfluoropolymer, Asahi Glass
Co. Ltd.,), so that a patterned substrate with an SRG is obtained.

For a buckling fabrication, standard commercial poly(dimethylsiloxane) (PDMS) materials
(Wacker ELASTOSIL RT 601) are mixed with a curing agent in a weight ratio of 9:1 and then
spin-coated on a pre-cleaned glass substrate. The coated PDMS is cured at 100 °C for 1 h and
then an aluminum layer is deposited on it. A structure thus prepared is heated to 100 °C with
an external radiation source by thermal evaporation at a pressure below 1 x 103 Pa. It is then
cooled to the ambient temperature by keeping it in a chamber for more than 30 min and
venting to atmosphere. The difference in the thermal expansion coefficients between the
aluminum film and PDMS generates a buckled structure on the PDMS film. The PDMS
replica is formed by pouring PDMS over the buckled PDMS master and by curing it at 100
°C for 1 h. The PDMS replica can be easily peeled off from the PDMS master. For the second
deposition of a 10-nm-thick aluminum layer, the buckled PDMS replica is used as the
substrate. After deposition, the buckling pattern of the replica is transferred to a glass
substrate after UV curing in curable resin (Norland Optical Adhesive 81) for 10 min. For the
third deposition of a 10-nm-thick aluminum layer, the buckled PDMS replica thus fabricated
is used as the substrate, and the above process is repeated. After the deposition, the buckled
resin master is again produced, from which, finally, the buckled PDMS replica mould for
making devices is fabricated.

The method of replicating nano-patterned structures (azobenzene film and buckling) onto
substrates is shown in Fig. 7 [34]. First, the patterned azobenzene polymer film or buckling
pattern is converted to a master mould of PDMS. After the heat treatment at 50 °C for 1 h
the silicon rubber becomes firm and it can easily be separated from azobenzene polymer
substrate as a free-standing film. The CYTOP solution (CTL-109A, Asahi Glass Co. Ltd.) is
drop-cast on a glass substrate and is heated under the patterned silicon rubber mould
pressed on it at 60 °C for 1 h. For the UV curable epoxy (Norland Optical Adhesive 81), UV
light is irradiated to harden the epoxy layer under silicon rubber mould. The patterned
structure is thus replicated onto a substrate.

We fabricated OLEDs on patterned nano-structured substrates. The device structures
introduced in this chapter are classified in two parts, organic and polymeric devices. The
organic layers in the organic device are coated by thermal evaporation (2-D grating &
buckling devices), whereas spin coating (1-D grating device) is used in the polymeric device.
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However, the basic concept is almost the same in both cases except for deposition method
and materials used.

Silicon Patterned
atterne
Patterned / rubber cy
TOP
azobenzene layer l

f (epoxy) layer

- =B
50°C 1hr 60°C (UV irradiation)

- B

Replica layer A ‘  / CYTOP
. . . . . = (or UV curable epoxy)

Figure 7. Schematic diagram of nano-imprint process. 3 Copyright 2008, American Institute of Physics.

We prepared ITO or Au stripes as an anode using sputter deposition or thermal
evaporation. In case of organic EL devices, a two or three-layered structure consisting of
(CuPc: used in 2-D grating device))/TPD/Alq3 is deposited successively by vacuum
evaporation. For making the polymeric EL device, PEDOT doped with poly-
(styrenesulfonate) PSS is spin coated as a hole transport layer (HTL) and heated at 60 °C for
20 min (T of CYTOP : 108 °C) in an oven. Then MEH-CN-PPV is spin coated as an emissive
layer (EML) on the HTL successively.

After coating organic or polymeric layers using a metal mask, lithium fluoride (LiF) as an
electron injection layer (EIL) and Al as a cathode are deposited. The detailed experimental
conditions including thickness of each layer were explained elsewhere [33,35,36]. The pixel
with a size of 3 mmx3 mm was used for electroluminescence measurements.

2.3. Effects of periodic DFB grating structures in OLEDs

In this section, we examine light extraction characteristics from OLED devices with 1-D or 2-
D DEFB grating substrates. The waveguided light is extracted to normal direction by an
imprinted low-refractive index layer (1-D DFB grating). Also, electrical characteristics in
OLEDs with 2-D hexagonally nano-imprinted periodic structures are investigated to
confirm the enhanced light extraction from this device (2-D DFB grating). We review
previously reported results in view of light extraction characteristics and electrical
characteristics from periodically corrugated OLEDs.

Optical characterization of corrugated OLEDs with periodic structures (1-D grating): Figure 8(a)
shows a schematic illustration of the Bragg diffraction process of waveguided light in periodic
structures. When waveguided light is incident on the grating structure, the light is reflected by
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74 Organic Light Emitting Devices

a photonic band gap and simultaneously diffracted in the direction perpendicular to the
photonic crystal surface because the Bragg condition is satisfied in this direction. The angle 0
of the emission direction with respect to the surface normal is governed by the conservation of
momentum in the plane of the waveguide [21-24,37,38] given by

kysind =+k +k =igzzﬁdnnzz @)
T2l ¢ A A

where A is the wavelength, kwg and kg are respectively the wavenumbers of the waveguided

light and the grating with a period A, nef is the effective refractive index of the waveguide

mode, ko is the free-space wavenumber of the diffracted light, and m is the diffraction order.

If A and nef are known, eq. (7) gives the emission angle of extracted light as a function of

wavelength for the first-order Bragg diffraction of waveguided light.

Figure 8. (a) Schematic illustration of Bragg diffraction of waveguided light. (b) AFM image of
patterned azobenzene polymer. 33 Copyright 2008, American Institute of Physics.

Intensity (a.u.)

500 600 700 800
Wavelength (nm)

Figure 9. Angular dependence of electroluminescence spectra from OLED devices with flat (green
curve at 0 =0°) and patterned CYTOP layer. 3 Copyright 2008, American Institute of Physics.
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Figure 9 shows the angle dependence of EL spectra for the two EL devices with and without
the grating structure. For measuring the EL spectra, a detector with a diameter of 5 mm is
located 10 cm apart from the device surface. A sharp peak (632 nm) has been observed in the
normal direction (0 =0°), and a peak splitting has been found to occur by increasing the
detection angle because the grating diffracted waveguided light travels in the opposite
direction. The wavelengths of the separated two peaks have been measured as a function of
the detection angle as shown in Fig. 10(a). The measured wavelength positions agree well
with the lines given by eq. (8) with 05, which is given by

.| Ny . .| Ny . .| no.
0, =arcsin| —2sin6, |=arcsin| —2sin| arcsin| —Lsin6, (8)
13 13 )

considering all refractions in PPFVB/glass/air, as shown in Fig. 10(b). This means that
extraction angle of Bragg diffracted light is closely related to refractive indices of stacked

materials.
(a) 800

— Calculated ((93 )
€ 750- .-
= Calculated(@l) B r’;,,/
5 700 D S
c L
2 :‘ -
9 650 ‘: =* ® Measured
N

600+ S SR

S o1
5501~ r — —
0 5 10 15 20

Extraction angle (degrees)

(b)/

Figure 10. (a) Measured extraction angles of Bragg diffracted light. 61 and 03 denote calculated
extraction angles in CYTOP and air, respectively. (b) Schematic illustration for refraction of Bragg
diffracted light in each stacked material. 3 Copyright 2008, American Institute of Physics.

To compare the effects of refractive indices of imprinted materials, we have calculated light
extraction angles from materials with various refractive indices, as shown in Fig. 11. The
wavelength of vertically emitted light is assumed to be 632 nm. According to eq. (8), as the
refractive index becomes high, the light extraction angle becomes wider. For n=1.80, the
extraction angle of light with wavelength of 800 nm is 65°, whereas the total light extraction
angle is only 23° for n=1.00. In the case of CYTOP (n=1.34), the total light extraction angle is
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76 Organic Light Emitting Devices

35°. Thus nano-imprinted CYTOP layer can extract waveguided light with high
directionality. Such characteristics provide an advantage for small- or medium-size OLEDs,
which are mainly viewed from the forward direction [39].

0 10 20 30 40 50 60 70

800+
— 750+
L.
~ 700- n=1.00, d=423nm
= n=1.34, d=380nm
g) 650+ n=1.50, d=363nm
% n=1.80, d=334nm
> 600- ! Collecting
o | angle (18.4°)
=

550-

0 10 20 30 40 50 60 70
Extraction angle (degree)

Figure 11. Calculated extraction angles in imprinted materials with various refractive indices as a
function of wavelength. 33 Copyright 2008, American Institute of Physics.

The effect of a grating on normally-directed EL has been observed by collecting EL spectra
between +18.4°, as shown in Fig. 12. The enhancement of EL spectra in the device with
patterned CYTOP layer has been observed over the wavelength range from 540 nm to 728
nm. However, it should be noted that the highest EL intensity is observed only around 650
nm, whereas vertically directed emission peak position is 632 nm. This results from different
transmittance of ITO at various wavelengths as shown in Fig. 12. Because the wavelength of
the highest EL intensity is closely related to both natural fluorescence and waveguide
absorption in ITO layer, the light can be extracted more efficiently due to the high
transmittance and fluorescence at 650 nm. Hence, the grating effect is higher in longer
wavelength region which has higher transmittance. If ITO with high transparency is
possible to be deposited at room temperature, the grating effect of CYTOP with high
transmittance will be increased.

_________ —————1.0
1000{ o° N " ~CYTOP/Glass
< e “~-._l08 o
3 800{ - _-- ITO/CYTOP/Glass 2
& Gratin 0.6 £
> 600; 9 £
£ 400- 042
2 o
c =
= 200; No grating 0.2
0 ; : 0.0
500 600 700 800

Wavelength (nm)

Figure 12. Overall EL spectra within +18.4° from OLEDs with flat and patterned CYTOP layers. Two
dotted lines show transmittance of CYTOP/Glass and ITO/CYTOP/Glass, respectively.3* Copyright 2008,
American Institute of Physics.
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Electrical characterization of corrugated OLEDs with periodic structures (2-D grating): The
current-voltage (I-V) characteristics of an EL device with a 2-D grating (2-D grating device)
has been measured and compared with those of an EL device without grating (non-grating
device). The 2-D grating device shows a higher current level compared to the non-grating
device, as shown in Fig. 13(a). Both EL devices show a power-law dependence of I~V*7 over
a large current and voltage range. Because of large trap concentration and low mobility in
organic semiconductors, the carrier transport in OLEDs is trap-charge-limited current
(TCLC) [40], which is known to show power law dependence.

(@) § 10

< ]

> 105
= E

é’ 10%] With 2-D grating
= ] o-

S 1nb -

@ 10" o

| 4
S 107] o o Without 2-D grating

1 10
(x 10°) Voltage (V)
1.5
(b E

o

< _o
; 1 0- fo) O/ 9o

= - e

2 With 2-D grating P -6

[ e

© _ o

E 50' o. 970

o Q-

S 9 - Without 2-D grating
© mﬂ:mnaeo-goooogo'ooo?eow

0 1 2 3 4 5
Voltage (V)

Figure 13. (a) Current-voltage plot measured from a 2-D grating and non-grating devices. (b)
Magnified current-voltage plots in low voltage region.? Copyright 2008, The Japan Society of Applied
Physics.

One may intuitively think that higher current effect in 2-D grating devices is simply due to
the increase of interface contact area by corrugation between electrode and organic
semiconductors. However, this cannot explain the increase of transition voltage (Vi) at
which the conduction model changes from ohmic to TCLC, as indicated by two arrows in
Fig. 13(a). If the increase in the interface contact area is a major effect, Vir in the grating
device must be shifted to a voltage lower than that of the non-grating device because higher
current must satisfy TCLC conduction more quickly.

At low voltages, low-mobility ohmic conduction via thermally generated free charge is
observed. In this case, the current density ] is described by
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J=qu,nV /d,, )

where g is the electronic charge, pn» is electron mobility, no is a thermally generated
background free charge density, V is the applied voltage, and d: is the organic layer
thickness. In order to find what induces the low voltage ohmic current, we have examined
the I-V plot in the low voltage range. According to Fig. 13(b), the 2-D grating device shows a
higher ohmic current than that of the non-grating device. This means that the 2-D grating
device has a lower total resistance Rrwta which is a sum of junction resistance (Rj), bulk
resistance (Rs) of organic layers and electrode resistance (Rt) and is given by:

Ry =R; + Rg + Ry (10)

Here the ohmic resistance induced by Al and Au (Rer) and the junction resistance (R))
induced by interfacial barrier between electrode and organic layer are the same in both
samples. Hence Rz in the 2-D grating device must be smaller than that in the non-grating
device. This result may be understood from the concept of ‘partial reduction thickness of
organic layers’ proposed by Fujita et al. [27,28]. They have observed improved
electroluminescence from a corrugated ITO where the reduction of thickness of organic
layers is effectively induced by each edge of Al and ITO square-shape patterned electrodes
shown as black areas in Fig. 14(a). At the edge of each patterned electrode, a higher electric
field develops (See Fig. 14 (a)) and this results in reduction of operating voltage. Thus, the
increased low voltage current in the 2-D grating device may be explained due to the lower
bulk resistance (Rs) and hence the lower total serial resistance.
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Figure 14. Calculated static field distribution between (a) square- and (b) sinusoidal-shape patterned
electrodes. (c) AFM image of a patterned UV epoxy layer. (d) Depth profile along a red line in (c).%
Copyright 2008, The Japan Society of Applied Physics.
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Even though the depth of patterned shape is only 50 nm, the 2-D grating device does not
show any breakdown during applying voltage. Generally thin EL devices can easily suffer
from breakdowns because the internal field distribution is very sensitive to interface
roughness and dust particles. It is therefore very important that the patterned electrode
shape must be optimized for the stability of EL devices. Otherwise, the patterned electrode
may result in worse device condition without realizing any high light extraction efficiency.
Because of this reason, one should use those patterned electrode structures which give
minimal ‘partial reduction thickness of organic layers’. This means that if the field
distribution between cathode and anode is uniform, the possibility of breakdown may be
reduced even when the depth of patterned shape is high. For studying the effect of the
shape of patterned electrodes, we have calculated the static field distribution in EL devices
for patterned electrodes of square and sinusoidal shapes. Although the light is diffracted by
500-nm-pitched lines, which has the same width as the interfered periodicity of the two Ar*
laser beams (Fig. 6(b)), the electric field distribution is related to the distance between closest
protrusions. Hence the distance used for the calculation is 580 nm. (See Fig. 14(c)). As shown
in Fig. 14(a), a high electric field gets localized at the edges of square-shaped cathode and
anode electrodes. However, if the patterned electrodes are of sinusoidal shapes the field
distribution becomes almost uniform. Figure 14(b) shows static field distribution in
sinusoidal-shaped electrode. Note that we use different ranges of relative field intensity in
Fig. 14(a) and (b) to clearly visualize the field distribution as color variations. Although the
field is concentrated in the intermediate regions between the top and bottom of the
patterned electrodes (see Fig. 14(b)), the field distribution becomes much more uniform
compared with the case of Fig. 14(a). Figure 14(d) represents the depth profile of a patterned
azobenzene film obtained along a red line in the AFM image shown in Fig. 14(c). The shape
at the upper region is approximated as sinusoidal. This shape results in no breakdown of 2-
D grating devices even though leakage current is high.

Next, we describe the relationship among the reduction of thicknesses, current efficiency,
and diffraction effects. Figure 15(a) displays the external current efficiency versus current
density. In the 2-D grating device, a higher efficiency is obtained in a high current density
region. However, below a current density of 3x10°A/cm?, the efficiency of the non-grating
device is found to be slightly higher than that of the 2-D grating device, as shown in Fig.
15(b). How can we explain this? As mentioned above, the major difference between a 2-D
grating device and a non-grating device is in Rs or effective thickness of the bulk layer; i.e.,
Rz is lower and the layer is thinner in the 2-D grating device than that in the non-grating
device. Hence, we should discuss the dependence of current efficiency on the emitter
thickness [41]. For this purpose, the recombination probability (Prc), which is directly
proportional to the EL yield, is considered. Pr. is defined by the ratio of the recombination
time Trc and the transit time 7: of the charge carriers as:

Prec = Tt/ (Tt+z—rec):1/(1+rrec/rt) (11)

This gives Prec = 1 when tre/T=0 and Prec decreases with increasing tre/te. The thickness
dependence in 1t comes only from:
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r,=d,/uF, (12)

where d: is the emitter layer thickness, u the carrier mobility, and F the applied electric field
operating on the sample. According to egs. (11) and (12), at a given electric field, increasing
emitting layer thickness will increase 7: and hence Pr.. Employing this theory, 2-D grating
device must show lower current efficiency due to the short transit time by reduction of

thickness.
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Figure 15. (a) Extracted current efficiency against current density measured from a 2-D grating and
non-grating devices. (b) Magnified extracted efficiency vs current density in low current density region.
% Copyright 2008, The Japan Society of Applied Physics.

It should be noted, however, that a higher current efficiency in the 2-D grating device
increases even though the non recombined current is higher. The enhanced current
efficiency in the 2-D grating device can be explained as follows. First, the waveguided light
propagating along the in-plane direction of the device is emitted to the surface direction by
Bragg diffraction in the 2-D grating device. Figure 16(a) shows how the diffracted light can
be extracted by Bragg diffraction in a 1-D grating sample for simple consideration. If the
light incident on a material with the refractive index of n2 from that of ni, the diffraction
condition is given by

mA = d.(n;sin6, — n,sind,) (13)

where d. is a periodic distance and m is a diffraction order. Because the refractive indices are
n1=1.7 and n2=1.5 in EL layer and epoxy/glass, respectively, the 1st-order diffracted light (m =
1) can be emitted, as shown in Fig. 16(b) and (c). In flat devices without grating, only EL
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Figure 16. (a) Schematic illustration of diffraction of the guided light. (b) Schematic illustration of the
angle range for total reflection and diffraction at 500 nm wavelength. (c) The diffraction limit of
incidence angle 01 for the first diffraction as a function of wavelength. 3> Copyright 2008, The Japan
Society of Applied Physics.

light to an angle below the critical angle (61°) can be emitted due to the total internal
reflection. However, in grating devices, the incident light within the angle range between 01
and 90° is diffracted and then emitted at an angle between 02 and -90°. For example, in the
case of a light with 500 nm wavelength, 01 and 0: are 0° and 7.6°, respectively. This means
that the incident light within the angle range between 0° and 90° can be emitted at an angle
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in the range between 7.6° and -90°. It should be noted that an incident light within 61°~90°
cannot be emitted in flat devices without a grating. In other words, the light diffracted from
the incidence angle in the range between 61° and 90° contributes to additional light
extraction in 2-D grating devices obtained, resulting in an increase in the of light output.

Another aspect of enhancing the light extraction in a 2-D grating device is by recovering the
quenched light coupled with surface plasmon mode. This effect can be observed in an Algs-
based system because the excitons have no preferred orientation in an Algs layer, whereas
conjugated polymer systems show a lower effect because the dipole moments lie in the
plane of the film due to spin casting. Hobson et al. [42] have found that a further recovery of
the trapped light can be obtained by the surface plasmon with the help of a periodic grating
formed on substrate particularly in Algs-based EL devices. This effect can also explain the
increased current efficiency in Algs-based EL devices because the corrugation remains intact
on the Al electrode layer.

2.4. Effects of quasi-periodic buckling structure in OLEDs

Buckling patterns are produced spontaneously by thermal evaporation of Al films on
poly(dimethylsiloxane) (PDMS) substrates preheated to 100 °C using an external heat
source. Al layers with a thickness of 10 nm are deposited on thermally expanded PDMS.
After cooling to ambient temperature, the buckling process spontaneously occurs, releasing
the compressive stress induced by the difference between the thermal expansion coefficients
of PDMS and Al films [43-45]. Figure 17(a), (b) and (c) shows atomic force microscopy
(AFM) images of buckles formed by a 10-nm-thick Al layer applied once, twice and three
times, respectively. The vague symmetric ring in the fast Fourier transform (FFT) pattern
shows that the buckling structure has a characteristic wavelength with a wide distribution
and without preferred orientation of the periodic structure. The characteristic wavelength
can be obtained by the power spectrum of FFT as a function of wavenumber k=27t/A. Figure
17(d) presents the power spectra of various buckles plotted against the wavelength instead
of the wavenumber for direct comparison with outcoupled spectra of OLEDs. The buckling
structure of the 10-nm-thick Al layer shows a peak periodicity at wavelengths of ~400 nm
(Fig. 17d), resulting in a ~1.4% increase in the surface area ratio of the buckled to flat PDMS
with a buckle depth as low as 25-30 nm as shown in Fig. 17(a).

In general, the depth of buckling structure D depends on the buckling periodicity A, which
is proportional to the thickness d of thin films and the imposed compressive strain (stress) A
as D~A A2 [46,47]. The buckles need to have a large depth for efficient diffraction and
require a shorter buckling periodicity than that shown in Fig. 17(a) to be effective for an
emission peak at a wavelength of ~525 nm. However, there is a trade-off between these
factors, because D is proportional to A. We have therefore adopted an alternative method
assuming that the larger the compressive stress, the deeper are the buckles at a constant
wavelength [48]. We have introduced additional compressive stresses by further deposition
of a 10-nm-thick Al layer, once or twice more, on a buckled PDMS replica fabricated from a
buckled PDMS mould after the first deposition of an Al layer (Figs. 17(b) and (c)).
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Figure 17. AFM analysis of buckling pattern. (a) Buckled structure formed by a 10-nm-thick Al layer.
(b),(c) Buckled structures formed by deposition of a 10-nm-thick Al layer twice and three times,
respectively. Resin layers imprinted with a buckled PDMS replica were used for measurement. Inset:
FFT patterns of each image. (d) Power spectra from FFTs as a function of wavelength for buckled
patterns obtained with deposition of a 10-nm-thick Al layer once (black), twice (red) and three times
(blue).? Copyright 2010, Nature Publishing Group.

The observation that the FFT ring patterns are of similar size indicates that the characteristic
wavelength does not change after redeposition. Moreover, the FFT ring patterns after
multiple deposition processes display more diffuse patterns, indicating a broader
distribution. The power spectra in Fig. 17(d) represent the unchanged peak wavelengths at
~410 nm and the broader distributions in the long wavelength side for the multiple
depositions. In addition, the surface area ratio after deposition twice and three times
significantly increases from ~1.4% to ~9.0% and 11.3% corresponding to depths of 40-70 nm
and 50-70 nm, respectively.

The devices with buckling show higher current density (/) and luminance (L) than those
without buckling and a device with triple buckling shows higher | and L than that with only
double buckling (Fig. 18(a)). It has been reported that the larger | in the corrugated device
mainly results from a stronger electric field because of the partially reduced organic layer
thickness in the intermediate region between the peak and valley of the sinusoidal patterned
gratings [27,35]. Measurements have also been made on devices without buckling but with
the organic layer thickness decreased by 20% and 40%. As mentioned in 2.3, current density
(J) for these devices is shown by dotted and dashed curves in Fig. 18. The current density in
the device with triple buckling lies between that in the reference devices and in devices with
thinner organic layers. This suggests that the thickness of the organic layers on buckling is
partially reduced by ~20—40%. In the devices with double, triple and without buckling, the
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Figure 18. Device performance. (a) Current density—luminance—voltage characteristics of typical
OLEDs without buckling (black) and with double (red) and triple (blue) buckling. The dotted and
dashed lines represent the current density of devices without buckling but with the organic layer
thickness decreased by 20% and 40%, respectively. (b) Current efficiency (cd/A) and power efficiency
(Im/W) as a function of luminance (cd/m?) for OLEDs without buckling (black) and with double (red)
and triple (blue) buckling. 3¢ Copyright 2010, Nature Publishing Group.

current efficiencies are found to be 3.05 cd/A (double buckling), 3.65 cd/A (triple buckling)
and 1.67 cd/A (without buckling), and the power efficiencies 1.64, 2.1 and 0.73 Im/W,
respectively, at a luminance of 2,000 cd/m? These efficiency increases correspond to
enhancements of ~83% with double buckling, and 120% with triple buckling in the current
efficiency and 120% with the double buckling and 190% with triple buckling in the power
efficiency (Fig. 18(b)). We attribute the greater enhancement of efficiencies in the devices
with triple buckling than those in double buckling to an increase in the optical confinement
factor due to the greater buckling depth [28]. The observed enhancement in the power
efficiency higher than in the current efficiency may be attributed to the reduction in
operating voltage due to the partial decrease in the organic layer thickness in the corrugated

structure (see Fig. 18(a)). One may expect that the decreased thickness of the N,N'-bis(3-

methylphenyl)-N,N'-diphenylbenzidine (TPD) and Alqgs layers may lead to a better charge

balance with a better internal quantum efficiency because of the stronger electric field
dependence of electron mobility in the Alqgs layer than that of hole mobility in the TPD layer.
However, the devices without buckling but with decreased thickness of the organic layer
show no improvement in the current efficiency. The device with a decrease in thickness of
40% shows a significantly decreased current efficiency of 0.86 cd/A at 2,000 cd/m?2. This is
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consistent with the reported studies in which, as the Algs layer thickness decreases below 30
nm, the carrier recombination probability decreases and the exciton-quenching effects at the Al
cathode increase, thereby decreasing the internal quantum efficiency of the devices
[25,40,49,50]. Therefore, the great enhancement of current and power efficiency in the devices
with buckling is obviously caused not by a change of internal quantum efficiency, but by an
increase in the outcoupling efficiency, that is, enhanced extraction of the waveguide light.

To investigate the outcoupling of the TEo and TMo modes, we have measured the
electroluminescence spectra of these devices. Contrary to the enhancement emerging as new
sharp peaks in conventional corrugated OLEDs [21-24,27,28,33], our buckled devices exhibit
enhancement over the entire electroluminescence spectrum (Fig. 19(a)). We have evaluated
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Figure 19. Electroluminescence spectral characteristics. (a) Electroluminescence spectra of devices without
buckling (black) and double (red) and triple (blue) buckling, measured from the surface normal at a
current density of 5 mA/cm?. (b) Enhancement ratio of intensity by buckling as a function of emission
wavelength, obtained by dividing the spectrum of the device with double (red) and triple (blue) buckling
by that without buckling. The wavelengths of the TEo and TMo modes are indicated by arrows at 655 and
720 nm, respectively. (c) Angular dependence of light intensity for devices without buckling (black) and
with double (red) and triple (blue) buckling. All data were normalized with the intensity of the devices
without buckling in the normal direction. Each dashed line represents a guide to the ideal Lambertian
emission pattern. All devices with and without buckling show the Lambertian emission pattern with a
maximum intensity in the normal direction. % Copyright 2010, Nature Publishing Group.
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the wavelength dependence of the enhanced emission by considering the intensity ratio of
the two spectra in the devices with and without buckling (Fig. 19(b)). The calculated peak
wavelengths of the TEo and TMo modes for the first-order diffraction are consistent with the
broad peak intensities in Fig. 19(b), although the enhancement due to the TMo mode is not
distinct because of the weak emission intensity above 700 nm. The relatively flat
enhancement by a factor of ~2.2 around A¢=525 nm in the devices with triple buckling is
partially due to the relatively weak first- and second-order diffraction TEo and TMo modes,
whereas the remarkable enhancement (factor of 4.0) around 655 nm is mainly due to the
strong first-order diffraction in TEo and TMo modes (see Fig. 19(b)). These results indicate
that a further enhancement of more than a factor of at least 2.2 can be expected if the peak
wavelength of the buckles is optimized for the TEo and TMo modes to be diffracted at
around 525 nm in the normal direction. Moreover, the broad distribution of periodicity in
the buckling structure suggests that the entire emission wavelength range over blue, green
and red in white OLEDs can be simultaneously outcoupled by only one grating structure.
The angular dependence of the light intensity for the devices is shown in Fig. 19(c). It is
interesting to note that all devices with and without buckling show a Lambertian emission
pattern with a maximum intensity in the normal direction. According to the Bragg equation,
the first-order diffraction angles of the TEo and TMo modes around the main emission
wavelength of 525 nm by the grating period of 410 nm are expected to be between 20° and
40°. However, because kc has random orientation and broad periodicity due to the buckling,
it is distributed over all azimuthal directions in contrast to one- or two-directional kc in
conventional corrugated OLEDs [21-24,27,28,33]. Thus, the outcoupled emission
concentrates into the normal direction, resulting in the Lambertian emission pattern.

3. Polarized electroluminescence

The polarization control of light is important for optical information processing, display and
storage devices. Although linearly polarized light has already been applied to various
optical devices, there are only a few reports on circularly polarized devices. However, the
potential applications of circularly polarized light have been suggested for optical data
storages and flat panel displays. Recently, the research for active devices that can emit
polarized light has gained attention [51-58]. Peeter et al. [56] have first demonstrated
circularly polarized (CP) EL from a polymer LED using a chiral m-conjugated poly(p-
phenylenevinylene) (PPV) derivative as an active layer, although the degree of circular
polarization was very low. Later, Oda et al. [57] have succeeded in obtaining a high CP-EL
using main-chain polymer liquid crystals (LCs) and chiral-substituted polyfluorenes (PF) as
an active layer. However, the degree of circular polarization was still insufficient for
applications in optical devices. More recently, Grell et al. [58] have proposed a new idea for
CP-EL without using chiral active materials and succeeded in achieving high degree of
circular polarization. They used a simple CP-EL device that can be driven by nonchiral
polymer LED using “photon recycling” concept developed by Belayev et al. [59]. Belayev et
al. and Grell et al. used a chiral nematic liquid crystal (cholesteric liquid crystal; CLC) cell
attached to the glass side of polymer LED and obtained a high degree of circular
polarization at the center of the stop band. However, the degree of circular polarization
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outside of the stop band rapidly decreased, because the emissive material had wider
emission band than the stop band width formed.

For evaluating the degree of circular polarization at a certain wavelength A, a g-factor is
used which is defined as:

LA =LA) _r)-1

s [[(A)+1x(4)  r(A)+1

(14)
where iR is the intensity of left/right-handed CP (L-CP, R-CP) light, and r is the left/right-
handed intensity ratio, IL(A)/Ir(A). It is evident that |g(A)| is zero for nonpolarized light
(r(A)=1) and is equal to -2 for pure, single-handed circularly polarized light (#(A)= = or 0).
The g(A) values found were 0.001 [56], 0.25 [57], and 1.6 [58], but only in a narrow
wavelength range. Woon et al. and Geng et al. respectively reported circularly polarized PL
[60] and EL [61] with a constant g(A) value over a wide spectral range covering most of the
emission band. However, the bandwidth [60] and g(A) value [61] were still insufficient for
application to commonly used emissive materials with wide emission band.

To achieve a tunable polarization of electroluminescence, we have used combination of
voltage dependent nematic liquid crystal (NLC) phase retarders and photon recycling
concept [62,63]. The phase retardation arises between two optical eigenmodes during light
propagation in an anisotropic medium as a phase retarder. Upon emerging from the phase
retarder, the relative phase of the two eigenmodes is found to be different from that at the
incidence, and thus their polarization state becomes different as well [64-66]. Now suppose
we apply a voltage (V) across the cell filled with NLC, by which the liquid crystal molecules
change their orientation toward the field direction, if the NLC has positive dielectric

anisotropy. With increasing the voltage, the birefringence An(E) =n, (E) —-n, decreases,

where 1. and no are refractive indices for extraordinary-(e-) and ordinary-(o-) light waves,
respectively, and the retardation (Ag) decreases as well. Hence, as the e- and o-waves
propagate through the NLC cell, their relative phase difference changes, and the state of
polarization of the wave also changes.

We have introduced another polarization characteristics, namely polarization conversion in
surface plasmon (SP) coupled emission by buckling structures. In section 2.4, we have
demonstrated that the quasi-periodic buckling structures with broad distribution and
directional randomness can effectively enhance the light-extraction efficiency by
outcoupling the waveguide modes without introducing spectral changes and directionality
[36]. In this study, however, we could not differentiate the outcoupling of transverse electric
(TE) mode from that of the surface-plasmon (SP) mode (transverse magnetic (TM) mode) by
buckles because of the broad periodicity of the buckling structure and the similar
propagation vectors of the TE and SP modes. The explanation of polarization conversion in
the surface-plasmon-coupled emission presented here is based on a trial method for
distinguishing TE and TM modes in light enhancement in OLEDs with buckling pattern.
However in this trial approach, an interesting phenomenon of polarization conversion in SP
coupling has been observed.
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In this section, we have summarized and introduced our studies regarding not only
circularly polarized EL and its tunability but also the polarization conversion in surface
coupled emission from corrugated OLEDs with buckling structures.

3.1. Device fabrication

We have fabricated multi-layered polymer CLC (PCLC) films for using them as wide-band
reflectors or single-layered films for polarization-tunable OLEDs. As an experimental
method for fabricating single-layered PCLC films is a part of fabricating multi-layered
PCLC films, we introduce here only the fabrication of multi-layered films and skip the
fabrication of single-layer films.

The fabrication process of multi-layered polymer PCLC films is shown in Fig. 20. Mixtures
of two aromatic polyester liquid crystalline polymers (Nippon Oil Corporation; currently, JX
Nippon Oil & Energy Corporation) are used to make PCLCs. One of the polymers (chiral
polymer) contains 25% chiral units in its chemical composition and the other contains no
chiral unit. By changing the ratio of the amounts of the two polymers, the helical pitch of
PCLC (photonic band gap wavelength) is controlled.
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Figure 20. Fabrication process of multi-layered PCLC films.

For fabricating three-layered PCLC films for use as a wide band reflector, the PCLC (Ap=610
nm; chiral polymer 72 wt%) is spin-cast on glass substrates with unidirectionally rubbed
polyimide (PI; AL1256, JSR). Then, aqueous solution of polyvinyl alcohol (PVA) is spin-cast
and the film surface is rubbed again unidirectionally. Another PCLC (Ap= 510 nm; chrial
polymer 87 wt%) is spin-cast on the rubbed PVA surface. The same procedure is repeated
for preparing the third PCLC film (Ap= 530 nm; chrial polymer 82 wt%). Finally PCLC films
thus fabricated are cured for 30 min at 160 °C.
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The fabrication method of a tunable phase retarder is as follows. The single-layered PCLC
films are fabricated by spin coating the solution onto ITO glass substrates coated with PI
rubbed unidirectionally at room temperature. The coated PCLC films are cured for 30 min at
a temperature over 160 °C in a bake oven, and then quenched to room temperature. The
sample cell is made of L-PCLC and PI coated glass substrates and is sustained by spacer.
The NLC (ZLI2293, Merck) is introduced into an empty cell using capillary action. The
illustration of the fabrication of the final cell is shown in Fig. 21

The OLED structure used here is fabricated in the same way as described in section 2.2. The
vacuum evaporated OLEDs with structure of ITO/CuPc/TPD/Alqs/LiF/Al are described in
section 3.2, an spin-coated OLEDs with structure of ITO/PEDOT:PSS/MEH-CN-PPV/LiF/Al

are given in section 3.3.
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Figure 21. Schematic illustration of tunable phase retarder. % Copyright 2008, American Institute of
Physics.

3.2. Highly circularly polarized electroluminescence

The device configuration for highly CP-EL from OLEDs is illustrated in Fig. 22. We have
simply attached an L-PCLC reflector to an OLED device. After generating the unpolarized
light by electrical pumping, the R-CP-EL transmits through the PCLC reflector, whereas L-
CP-EL is reflected by the selective reflection of the L-PCLC. This reflected light by the PCLC
is still L-CP and changes the polarization to R-CP by getting reflected at the metal surface,
and gets transmitted trough the L- PCLC reflector. Thus all the transmitted light has the
same sense of rotation, R-CP.

In comparison with the previous work [58] here the band width of the reflector is wider. For
fabricating a wide-band CLC reflector, the use of PCLCs has two advantages compared with
general low-molecular-weight CLCs. First advantage is that PCLCs used here have higher
optical anisotropy (rne-10.=0.22), resulting in a wider photonic band gap (PBG). The second
advantage is that PCLC films can be easily stacked to multi-layered films by spin-casting.
Using these technical advantages we have fabricated a wide-band PCLC reflector using
multi-layered PCLC films with different selective reflection bands.

The structure of a three-layered PCLC film with a wide stopband width is shown in Fig.
23(a). The fabrication method of multi-layered PCLC films is already explained in section
3.1. Figure 23(b) shows the reflectance spectra of single-layered and three-layered PCLC
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films and the emission spectrum of the active EL material, Algs (see below). A wider
selective reflection band formed due to the overlap of the selective reflection bands of the
three-layered PCLC films extends to the whole emission band, although the selective
reflection band of the single-layered PCLC film covers only the emission peak region.
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Figure 22. Schematic illustration of a ‘photon recycling” device. 2 Copyright 2007, American Institute of
Physics.
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Figure 23. (a) The structure of a three-layered PCLC film. (b) Normalized electroluminescence
spectrum of Alqs and reflectance spectra of single-layered and three-layered PCLC films. ¢> Copyright
2007, American Institute of Physics.

To evaluate the degree of circular polarization quantitatively, R-polarizer and L-polarizer
are inserted between the EL device and detector. We confirmed that R- and L-polarized EL
intensities are almost the same in OLEDs without a PCLC reflector. In contrast, OLEDs with
narrow (single-layered)-PCLC and with wide (three-layered)-PCLC reflectors emit high
intensity R-circularly polarized EL within the stopband of PCLC as shown in Fig. 24(a) and
24(b). The R- and L-CP-EL spectra from OLEDs with the narrow-PCLC film are almost the
same as that with the wide-PCLC film in the selective reflection region of narrow-PCLC
(480nm-560nm) as a result of ‘photon recycling’. Outside of the stopband of narrow-PCLC,
however, both R- and L-CP components from the narrow-PCLC device do not show any
prior circularly polarization characteristics due to the lack of ‘photon recycling” (Fig. 24(a)),
whereas the wide-PCLC device shows the highly R-circularly polarized light over the whole
emission spectrum range, as shown in Fig. 24(b).
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It is also noted that the degree of circular polarization is high in the wide-PCLC device over
the whole emission band. Figure 25 shows the wavelength dependence of the g-factor [eq.
(14)] for light emitted from each device. At the center of the stopband, |g(A)| approaches to
1.67 in both the devices with PCLC films. However, the difference is that 1g(A)| remains
same over the whole emission band in the wide-PCLC device but it suddenly decreases

outside of the stopband in the narrow-PCLC device.
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Figure 24. R- and L-CP-EL spectra from OLED devices with (a) narrow- and (b) wide-PCLC films.
Reflection spectra for the narrow- and wide-PCLC films are also shown using dotted curves.®2
Copyright 2007, American Institute of Physics.
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Figure 25. Calculated g-factor values in each device over the whole wavelength range of the emission
band of Algz.®2 Copyright 2007, American Institute of Physics.
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3.3. Polarization-tunable organic light-emitting diodes

In this section, we examine the electro-tunable polarization of electroluminescence by
combination of circularly polarized OLEDs (same concept as explained in section 3.2) and
tunable phase retarder. A voltage controllable liquid crystal cell is adopted as a tunable
phase retarder for tunable polarization characteristics.

The device configuration for polarization-tunable OLEDs with a phase retarder is shown in
Fig. 26. For the phase retardation, NLC is filled between the glass substrates with a rubbed
PI layer. The phase retarder is simply attached to one of the glass sides of OLEDs. After the
generation of unpolarized light from OLED, the whole EL light is extracted as R-CPL by
photon recycling. This R-CP-EL can be transformed into arbitrary polarizations by changing
the orientation of NLC through applying a voltage. The phase retardation Agat a
wavelength A can be expressed by:

Ap= %’”dm (15)

where d is cell thickness and An is birefringence of NLC.

Ap=0

ﬁ ﬁ Ij QCPEL
_A
ﬁ LPEL ffls_"f
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retarder

Figure 26. Schematic illustration of the principle of polarization-tunable OLED and polarized light with
different polarization.®® Copyright 2008, American Institute of Physics.

If the wavelength and cell thickness are constant, phase retardation between e- and o-waves
can be varied by applying an electric field. Then the effective birefringence of NLC An(0) is
determined by the angle between the director and the substrate surface; i.e., An(6=0°)=An
and An(6=90°)=0. If dAn(0) is equal to 2m+1)A/2 (m =0, 1, 2...), NLC layer acts as a half-
wave plate. On the other hand, if dAn(0) is equal to (4m+1)A/4 (m =0, 1, 2...), the NLC

layer acts as a quarter wave plate. It should be noted, however, that the maximum phase
retardation must be over half-wavelength (A/2) to realize four kinds of different
polarizations. Hence we have fabricated a cell with the thickness satisfying 3A/2 retardation
condition in the absence of a field.

Figure 27 shows the voltage dependence of transmittance spectra through R-, L- circular and
linear polarizers with the direction of +45° and -45°. The applied voltages of 0, 4.5, 6 and 7.5
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V correspond to 3A/2, 5A/4, A, 3A/4 wave plates, respectively. When the R-polarizer is
inserted, the spectrum shows a selective reflection band at 0 V (=3A/2) as shown in Fig. 27(a).
This is because the transmitted R-CPL changes its polarization to L-CPL through L-PCLC,
and the transmittance decreases down to 0.15 within the selective reflection band. As the
voltage increases up to 6 V (=A), the spectral shape shows no selective reflection band
because the phase retarder acts as a full-wave plate. On the other hand, the situation is

reversed in L-polarizer as shown in Fig. 27(b).

(a) (b)
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Figure 27. Polarization characteristics of voltage dependent transmittance spectra of a phase retarder.
Transmittance spectra of (a) R-CPL, (b) L-CPL, (c) LPL(+45°) and (d) LPL(-45°) under fields of 0, 6, 4.5
and 7.5 V, respectively. ¢ Copyright 2008, American Institute of Physics.

Conversion to linearly polarized light is also possible by 4.5 (=5A/4) and 7.5 V (=3A/4)
applications. If the phase retardation is a quarter-wave, R-CPL changes the polarization
condition to linearly-polarized light (LPL). Figure 27(c) and (d) shows LPL with electric field
direction of +45° and -45°, respectively. At 4.5 V, the phase retardation is 5A/4 resulting in a
LPL (+45°) as shown in Fig. 27(c). The transmitted R-CPL changes into LPL (-45°) and shows
a selective reflection band when the direction of linear polarizer is +45°. On the other hand,
if the phase retardation is 3A/4 (=7.5 V), the transmitted R-CPL changes into LPL (+45°) after
transmitted through the linear polarizer. As a result, no selective reflection is observed in
the transmittance spectrum. Reversed situation is also observed when the direction of linear

polarizer is -45°, as shown in Fig. 27(d).
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In order to apply this concept to OLEDs, we have attached a phase retarder to an EL device.
This situation is different from the transmittance measurement system because here the EL
device has a metallic mirror as a cathode. The output of EL light is R-CP-EL, as explained in
Fig. 26. Hence different polarization states are also possible by controlling the birefringence
of the NLC layer. To evaluate the degree of polarization quantitatively, R-, L-circular or
linear polarizer with the direction of +45° and -45° is inserted in the emissive EL devices
between the phase retarder and detector. The output of EL light transmitted from the L-PCLC
is R-CP-EL within the wavelength range corresponding to the stopband. The emitted R-CP-EL
can be changed into a different polarization by the phase retardation. Figure 28 shows the
polarized EL spectra with different polarizations as applied voltage increases from 0 (Fig.
28(a)) to 4.5 (Fig. 28(c)), 6 (Fig. 28(b)), and 7.5 V (Fig. 28(d)). Thus EL light with different
polarizations can be selectively emitted by varying the voltage. Outside of the stopband of
PCLC, the intensity of opposite polarized light becomes higher because the stopband of
PCLC cannot cover a wide wavelength range. It should be noted, however, if a
multilayered-PCLC with different pitches is used, the polarization rate can be high over all
wavelength [62,67].
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Figure 28. Measured polarized electroluminescence from OLED. Selectively emitted light of (a) L-CP-
EL, (b) R-CP-EL, (c) LP-EL(+45°) and (d) LP-EL(-45°) under fields of 0, 6, 4.5, and 7.5 V, respectively. %
Copyright 2008, American Institute of Physics.
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3.4. Polarization conversion in surface-plasmon-coupled emission from
corrugated OLEDs with buckling structures

The fabrication process of buckling and OLED devices is almost the same as described in
section 2.2. The only difference is the use of a thinner ITO (40 nm) than previous one (120
nm) to extract TM mode preferentially by a surface plasmon coupled emission [68].

To characterize the outcoupled SP mode by buckles, we have calculated its in-plane
propagation vectors and plotted the grating period for the emission angles of 0°, 20°, 40°, and
60° as a function of the wavelength of the outcoupled light in Fig. 29(a). Considering the
distribution maximum of the buckling periodicity at ~410 nm, it is reasonable that the main
diffraction of the SP mode for the normal direction occurs at the emission wavelength of ~690
nm. In addition the FWHM of the periodicity distribution from 300-600 nm allows
outcoupling of the SP mode over the entire emission wavelengths by the first- and second-
order diffractions. As the emission angle increases, the main diffraction wavelength shifts from
~690 nm for 0° to ~580 nm, ~490 nm, and ~440 nm for 20°, 40°, and 60°, respectively.

We have measured the linearly polarized electroluminescence spectra of the devices with and
without buckles at the emission angles of 0°, 20°, 40°, and 60°, and then calculated the light-
enhancement ratio (the intensity ratio of the two spectra in the devices with and without
buckles) as a function of emission wavelength. Figure 29(b) presents the enhancement ratio of
the TM-polarized light. The broad peak intensities for each emission angle are consistent with
the main diffraction wavelengths calculated in Fig. 29(a), as indicated by arrows. It is very
interesting to note that the TE-polarized light also gets enhanced by buckles as shown in Fig.
29(c). This enhancement is even greater than that for TM-polarized light, particularly at larger
emission angles, although generally the SP mode is considered to be excited only by TM-
polarized light and the diffraction gratings do not convert the polarization state of an incident
light upon diffraction. However, it is also known that the polarization conversion can occur if
the grating wavevector is not parallel to the plane of incidence [69-73]. So-called conical
diffraction occurs at 0°-90° azimuthal angles by the grating with different wavevectors with
respect to the incidence plane, where even TE-polarized light may excite the SP mode because
of the existence of the electric field component parallel to the grating vector. In other words,
the SP mode excited by a TM-polarized light can be outcoupled to the TE- as well as TM-
modes radiation. As the azimuthal angle increases from 0° to 90°, the outcoupled TM mode
decreases and the outcoupled TE mode increases by the conical diffractions [69,70]. As far as
we know, this was the first report on the polarization state of the extracted SP mode, although
a qualitative description on the polarization state can be found for the outcoupled SP mode
from a silver cathode with a 2-D corrugated structure [74].

Because the grating vectors in a buckling structure are random over all azimuthal angles,
the SP mode in the device with buckles also experiences conical diffractions at all azimuthal
angles and then the polarization conversion of the outcoupled light occurs. For example,
kosin®, ks, and kc for the emission wavelength at 600 nm are graphically presented in Fig.
30. Here only one grating wavevector from a 1-D grating with a periodicity of 410 nm is
assumed. The radius of the solid circle (blue) corresponds to ksp, the momentum space
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Figure 29. (a) Relation between the outcoupled emission wavelength and the grating period for the
emission angles of 0° (black), 20° (red), 40° (green), and 60° (blue), satisfying the first- and second-order
(only for 0°) diffractions condition. The dashed horizontal line represents the peak wavelength of 410 nm
in the periodicity of the buckles used as the grating. (b) Enhancement ratios of TM-polarized light by
buckles at the same angles as (a), 0° (black), 20° (red), 40° (green), and 60° (blue) from top to bottom,
obtained by dividing the spectrum (measured through a polarizer) of the device with buckles by that
without buckles. (c) Enhancement ratios of TE-polarized light by buckles with the same information as (b).
6 Copyright 2011, Wiley-VCH.
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within the solid circle (black) represents the escape zone to air mode, and that between the
dotted and solid circle (black) indicates the glass mode. As the azimuthal angle of the SP
vector increases, the polar and azimuthal angles of the outcoupled light increase and
simultaneously the polarization conversion to the TE mode becomes strong. At an angle of
35°, below the azimuthal angle, the SP mode is outcoupled to the air mode by the grating,
between 35°-55° it is trapped to the glass substrate, and above 55° it propagates into the
ITO/organic layer with the highly TE-converted polarization. In such a restricted condition
of a one-directional grating with a definite periodicity, this ITO/organic mode does not
outcouple. However, a conical diffraction to air is expected to occur in our buckling
structure over all the possible azimuthal angles, 0-360° because of the grating wavevector
distributed over all azimuthal directions. Therefore, the enhancement of the TE-polarized
light is observed as shown in Fig. 29(c). However, the greater enhancement of the TE-
polarized light than that of the TM-polarized light for all polar angles indicates that more
TE-polarized light must be outcoupled to the air mode through the diffraction by buckles,
because of the polarization conversion to the TE mode being weak at low azimuthal angles
below 35°. Considering the dimension of the emitting area (3 mm x 3 mm) and glass
thickness (1.0 mm), most light propagating to the glass substrate cannot undergo reflection
or scattering at the corrugated Al layer. Hence the scattering of the glass mode by buckles
can be ignored. We believe that the TE-converted light propagating to the ITO/organic layer
by the diffraction at an azimuthal angle above 55° can be coupled to the TEo leaky guided
mode [75], which can then be outcoupled again by the diffraction through the grating
vectors with different directions. The broad periodicity and random orientation of buckles
contribute to the additional extraction of the TE-polarized light for all polar angles, thereby
producing a higher enhancement of the TE-polarized light over all polar angles.
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Figure 30. Momentum representations of SP mode (blue circle, ksp), glass light-line (black dotted circle),
air light-line (black solid line), grating wave vector (red arrow, kc), and the outcoupled light to air mode
(black arrow, kosin©) for the emission wavelength of 600 nm. 6 and ¢ represent the polar and azimuthal
angle, respectively. Only one-directional grating vector from one-dimensional grating with a periodicity
of 410 nm is assumed. %8 Copyright 2011, Wiley-VCH.
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To confirm the polarization conversion by buckles on diffraction, a buckled resin layer on a
glass substrate, coated with a 100-nm-thick Al layer, is irradiated using a linearly polarized
He-Ne laser (632.8 nm) at an incident angle of 60° and the scattered light from the surface
normal observed through a linear polarizer. We have found that the incident TM-polarized
light is largely converted into the TE mode upon diffraction. The ratio of TE- to TM-
polarized light intensities was around 0.7, irrespective of the incident azimuthal angle. This
result is consistent with the enhancement of the TE-polarized light by buckles in the device
structure shown in Fig. 29(c).

4. Summary

After summarizing methods for enhanced outcoupling in OLED devices, we reviewed
enhancement methods using photonic structures at a surface. As explained in sections 2.3
and 2.4, corrugated EL devices with periodic or quasi-periodic nanostructures show
enhanced light extraction performance compared with the reference flat device without such
structures. The principle of light extraction is the same in both device configurations;
however, periodically corrugated EL device shows higher light extraction only at a specific
wavelength because of the well-defined corrugation pitch. This anisotropic angular
dependence does not satisfy the Lambertian emission pattern, which is an important
requirement in the lighting technologies. On the other hand, spontaneously formed buckling
patterns on OLEDs towards air are effectively used as a quasi-periodic structure to extract
light from the waveguide modes. The characteristics of the broad periodicity distribution
and randomly oriented wave vectors of buckles provide an invaluable advantage of possible
outcoupling of the waveguide light propagating along any direction with a wide spectral
range. Namely a buckling device shows a Lambertian emission pattern with an increase in
emission angle, which satisfies the requirement of OLED lighting. In particular, it enhances
the outcoupling of waveguide modes at various wavelength ranges due to the broad
distribution of the periodicity that can be applied to white OLEDs. We may conclude that
the buckling device structure overcomes the limitation of periodic nanostructures and it can
be used in the development of white OLEDs for lighting.

We have also demonstrated the generation of highly circularly polarized EL and its
tunability using a liquid crystal phase retarder. A wide-band reflector has enabled us to
obtain high ratio of brightness between R-CP-EL and L-CP-EL with the overall intensity ratio
of about 10 and g-factor of about 1.6 over the whole emission band. Also, using a voltage
dependent phase retarder, we have confirmed that there is no limitation for choosing emissive
materials to obtain the tunable polarized EL light. We have also shown that the devices with
buckles have double current and power efficiencies over the entire emission wavelengths and
emission angles. This is achieved without any spectral changes even though ITO thickness is
thin (40 nm) to outcouple the only SP (TM) mode which would otherwise be lost into the Al
cathode layer of OLED devices. It is also found that the diffraction of the SP mode by buckles
causes polarization conversion to the TE mode with a higher light intensity than in the TM
mode, which occurs due to the random orientation of the buckling structure.
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