Wiley
Online
Library

(issue and page numbers not yet assigned;
citable using Digital Object Identifier — DOI)

Early View publication on www.wileyonlinelibrary.com

Laser Photonics Rev., 1600145 (2017)/DOI 10.1002/Ipor.201600145

The demonstration of high efficiency and color tunability has
brought organic light-emitting devices (OLEDs) into the lighting
and display market. High efficiency is one of the key issues for
their commercial applications, for which much effort has been
devoted to developing novel materials and device structures. It
is well known that around 80% of the generated photons are
trapped in OLED structure, so that there is still the greatest
scope for significant improvements in its efficiency. This has
driven the research towards the integration of micro/nano pat-
terns into device structures that benefit from their abilities in
manipulating the generation and propagation of photons. Mi-
cro/nano patterns with random or periodic morphologies have
demonstrated their effect on the outcoupling of the trapped
photons within the device. Moreover, the emitting properties
other than the light extraction could be manipulated by intro-
ducing the micro/nano patterns. This article reviews the recent
progresses in improving the light extraction and manipulating
the emission properties of the OLEDs through the introduction
of the micro/nano patterns by various fabrication strategies.
The light manipulation of the micro/nano patterns in organic

photovoltaics is briefly discussed considering its similar work-
ing principle and fabrication strategies to that of the OLEDs.
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Light manipulation in organic light-emitting devices
by integrating micro/nano patterns

Jing Feng, Yue-Feng Liu, Yan-Gang Bi, and Hong-Bo Sun*

1. Introduction

Intense academic research and substantial commercial ef-
forts on organic light-emitting devices (OLEDs) have im-
proved their promising applications in displays as well as
for solid-state lightings [1-7]. The key characteristics of
the OLEDs are their self-emitting property, wide viewing
angle, high luminous efficiency associated with low power
consumption, high contrast and fast switching speed. Con-
siderable efforts have been made to improve OLED effi-
ciency, because it is one of the most important requirements
for the practical and commercial applications. However,
very low light extraction efficiency is one of the main bot-
tlenecks for its high efficiency. Around 80% of internally
generated photons is trapped in form of waveguide (WG)
modes in indium-tin-oxide (ITO) anode and organic lay-
ers (ITO/organic mode), and in surface plasmon-polariton
(SPP) mode associated with the metallic cathode/organic
interface, and also trapped in the substrate due to the total
internal reflection at the glass/air interface (substrate mode)
[8,9]. The overall power lost even reaches to ~ 95% for
the inorganic LEDs due to higher refractive index of inor-
ganic semiconductors [10, 11]. Considering the significant
power loss, it’s therefore not surprising that the works on
the light manipulation in the OLEDs is mainly focused on
the improving of the light extraction by internal or external

structure modification, which has been an active area of
research over recent years.

The substrate mode can be extracted by introducing a
surface modification on the back side of the glass substrate,
for example, attaching a commercial microlens array or a
light extraction film [12—18]. However, it is more challeng-
ing to achieve the extraction of the power loss due to the
light waveguiding in the ITO/organic layer or lost to SPP
mode at the electrode surface without deteriorating the de-
vice performance, because a modification of the internal
structure inside the device is required. Various techniques
have been proposed to improve the light extraction by in-
ternal device structure modification with non-patterned or
patterned profile. Using a non-patterned low refractive in-
dex layer as host for the emitters [19] would result in an
improved outcoupling of the WG modes in the ITO/organic
layers. On the other hand, a non-patterned high refractive
index layer as substrate [20-22], and scattering particle with
high refractive index embedded film as substrate [23,24]
or inserted between the transparent electrode and the glass
substrate [24, 25] has demonstrated their effect on reduc-
ing the light trapping in the ITO/organic layers. No ex-
tra structuring or special optical elements is required for
the simple and low-cost non-patterned strategy, except that
light trapped in SPP mode at the metallic cathode/organic
interface cannot be outcoupled by this method.
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Micro/nano patterns with random or periodic morpholo-
gies have demonstrated their effect on the extraction of the
trapped modes within the device [26-45]. Introducing a
micro/nano pattern onto the metallic electrode/organic in-
terface to provide an additional momentum to couple the
SPP modes into light is especially crucial for recovering the
power lost to the associated SPP modes [46—48]. Fabrica-
tion of the micro/nano patterns requires the simple and low
cost manufacturing. The scope of this article is to review
ongoing efforts to realize the enhanced light extraction of
the OLEDs by using the micro/nano patterns. The effect of
the micro/nano pattern-induced light manipulation on the
light extraction, light emitting properties and the fabrica-
tion technique of the micro/nano patterns in the OLEDs will
be discussed. The micro/nano patterns are widely used in
organic photovoltaics (OPVs) for light harvesting [49-52],
which will be roughly discussed in this review article be-
cause of its similar light manipulation principle and fabri-
cation strategies to that of the OLEDs.

2. Fundamental principle of micro/nano
patterns on light manipulation

2.1. Power lost in OLEDs

The operation of the OLEDs involves charge injection and
transport followed by radiative recombination of injected
opposite charges to generate light inside the device. The ex-
ternal quantum efficiency (EQE) 7y is defined as the ratio
of the total number of photons emitted by the OLED into
the viewing direction to the number of electrons injected
into the OLED device [9]:

Next = Y NrqeffNour = NintNour (D

where y represents the charge carrier balance, 7, is the frac-
tion of the excitons that is allowed to decay radiatively by
spin statistics, and g is the effective quantum efficiency
specifying the fraction of spin allowed excited states that
actually decay by emitting a photon. It can be split into an
internal quantum efficiency 7, times the external coupling
efficiency 1,y (the fraction of the total number of photons
that can escape the device). Statistically, 75% of injected
charges are in the three-fold degenerate triplet state, while
only 25% are in the singlet excited state, except that the
ratio of the singlet exciton formation for polymer materials
could be higher [53-55]. The triplet states of the fluores-
cent materials do not emit light, so that the 7, is lim-
ited to 25% for the singlet—harvesting fluorescent organic
materials. Much effort has been devoted to develop elec-
trophosphorescent materials, which have significant spin-
orbit coupling [56,57]. Nearly 100% 7, of the OLEDs can
be achieved by means of harvesting both singlet and triplet
excitation states using phosphorescent emitting materials
[58-60], as well as a balanced carrier injection and recom-
bination and suppressed non-radiative exciton quenching.
On the other hand, using thermally activated up-conversion
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Figure 1 Schematic diagram of optical modes in OLEDs.

of triplet into singlet states to give thermally activated de-
layed fluorescence provide a new triplet harvesting method
without the need of the phosphorescent materials [61-63].
Consequently, the ney of the OLEDs is no longer limited
by the emission efficiency of the organic material itself,
but the light extraction efficiency of their device structure.
Considering the 25% extraction efficiency of the conven-
tional OLED device, the maximum EQE is limited to less
than 25% despite achieving nearly 100% internal quantum
efficiency.

The typical device structure of a conventional OLED
consists of glass substrate coated with transparent conduct-
ing oxide as anode, an organic light-emitting layer sand-
wiched between hole-transport and electron-transport lay-
ers and a metal cathode is deposited on the top of the device.
Frequently, the anode of the OLED consists of ITO with
high transparency and good electrical conductivity. The re-
fractive index of the glass substrate (n~1.5) is usually lower
than that of the organic (n~1.7) and ITO (n=2.0) layers,
which results in the power lost in form of ITO/organic
mode trapped inside the organic and ITO layers due to the
total internal reflection. The total internal reflection also oc-
curs at the glass/air interface and contributes to the power
lost to the substrate mode. Therefore, the light is emitted
into four types of modes: air mode where the light escapes
the substrate, and trapped modes of substrate, ITO/organic
(WG) and SPP modes as shown in Fig. 1. Several analytical
models have been employed to quantitatively calculate the
power lost to the four types of modes, for example, ray-
optics model [64], wave optical methods [9] and radiative
transport model [65]. The power lost within the device de-
pends on the structure parameters such as the thickness of
the ITO and organic layers, the location of the emission
zone and the dipole orientation [66-68]. Most of the re-
sults up to now have predicted light extraction efficiency of
around 25% for bottom-emitting OLEDs [9, 64,66,69]. As
an example, the contribution of the air, substrate, SPP and
ITO/organic modes for a prototypical Alg3-based OLED
stack are 15.3%, 24.3%, 43.7% and 11.0%, respectively
[9].

2.2. SPP loss in OLEDs

SPPs are guided electromagnetic surface modes with trans-
verse magnetic (TM) polarization that occur at the interface
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Figure 2 SPPs at the interface between a metal and a dielectric material have a combined electromagnetic wave and surface charge
character as shown in (a). This combined character also leads to the field component perpendicular to the surface being enhanced
near the surface and decaying exponentially with distance away from it (b). The dispersion curve for a SPP mode shows the momentum
mismatch in (c). m and 84 is decay length of the field into the metal and the dielectric medium above the metal, respectively (with

permission of Ref. [73]. Copyright 2003 Nature Publishing Group).

between a metal and a dielectric [70-74]. An analytical so-
lution could be obtained as ks, = ko(€mea/(€mtea))? for
SPP resonance at the metal/dielectric interface as shown
in Fig. 2a, where ¢, and g, are the permittivity of the
metal and dielectric, respectively. Metallic layers are usu-
ally employed in OLEDs as electrodes for the charge injec-
tion, while SPP modes are supported at the metallic elec-
trode/organic interface. Excitons formed by the injected
opposite charges may decay by coupling to the SPPs. SPPs
have electromagnetic fields that decay exponentially into
both the bounding metal and dielectric media (Fig. 2b).
They are nonradiative in nature on a planar interface, be-
cause they possess a greater momentum than free space
photons of the same frequency (Fig. 2c). Therefore, for a
conventional planar OLEDs structure, the energy coupled
from excitons to SPP modes cannot couple out from the
device, and it is, in general, lost as heat. It was reported that
the SPP loss is up to about 40% in typical planar small-
molecule based OLEDs as shown in Fig. 3 [9,47]. It is
noted that the SPP loss is dramatically less than 10% for
the polymer-based OLEDs. This is because the SPP loss de-
pends strongly on the orientation of the dipole moment as-
sociated with the excitons [75]. The dipole moments of the
polymer deposited by spin casting process lie in the plane
of the film. The electric fields associated with the SPP mode
are predominantly normal to the surface so that the dipole
moments lying in the plane minimize coupling between the
excitons in the polymer and SPP modes [53-55]. While in
case of the small molecules deposited by thermal evapora-
tion, the excitons have no preferred orientation, so that their
coupling with the SPP modes is much stronger. It should be
noted that there are some small-molecule emitters exhibit-
ing preferential alignment of the emitting dipoles, such as
predominantly horizontal orientation to the substrate, which
would reduce the coupling to SPPs [9]. Preferentially hor-
izontal orientation for several small molecules by thermal
evaporation has been demonstrated, which enhance the out-
coupling by around 45% [76-81]. The orientation of the
dipole orientation for the amorphous film of the evaporated
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Figure 3 The calculated fraction of power lost from radiative
excitions to surface plasmon modes is shown as a function of
position of the excition within the organic layer. Data are shown
for the two generic OLED structures based on the small molecule
Alg3 and conjugated polymer MEH-PPV (with permission of Ref.
[47]. Copyright 2002 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim).

small molecules depends on the shape of the molecules,
such as the linear shape is preferred to the horizontal ori-
entation. Therefore, it’s not a universal strategy to improve
the outcoupling.

Considering the 40% loss for most of the small
molecule-based OLEDs, SPPs represent a potentially very
serious limitation on the OLED performance. A metal-free
OLED could be a solution for the purpose of reducing the
SPP loss, for example, transparent OLEDs with transpar-
ent conducting oxide as both top and bottom electrodes
[82-84]. However, higher cost and complex fabrication
process of the tin oxide-based compounds limit their use
in the OLEDs. Moreover, the metallic electrode with high
reflectivity itself plays an important role in obtaining high
efficiency of the OLEDs by redirecting the light emitted
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Figure 4 Schematic of the SPP dispersion on a periodically
structured surface (period D) demonstrating SPP band-gap for-
mation. SPP dispersion on a smooth surface is shown by the thin
solid line (with permission of Ref. [74]. Copyright 2004 Elsevier
B.V.).

from the opposite transparent electrode. On the other hand,
ITO-free OLEDs by employing metallic film with high elec-
trical conductivity and optical transmission as both top and
bottom electrodes to replace tin oxide [85, 86] could not
only realize a lower-cost fabrication process but also elim-
inate the power lost to the WG modes in high-refractive-
index ITO film. In this case, light trapped in the SPP modes
become the main power loss for this type of OLEDs. The
SPP loss can be directly reduced by increasing the distance
between the emitter and the metallic electrode by increasing
the thickness of the emitting or transporting layers as shown
in Fig. 3, which results in a reduced coupling between the
emitter and the SPP mode due to the exponential decay
of the SPP field in the dielectric medium. However, con-
sidering the low carrier mobility of the organic thin film,
increased thickness of the emitting or transporting layers
would result in a decreased internal quantum efficiency of
the OLEDs.

2.3. Light extraction by the micro/nano patterns

Micro/nano patterns with both periodic and random struc-
ture could be used to increase light extraction of an OLED.
An appropriate periodicity such that waveguided light is
Bragg-scattered into the forward direction is required for
the periodic micro/nano patterns by satisfying the Bragg
scattering condition [9, 87]. The appropriate periodicity of
the micro/nano pattern integrated on the metallic electrode
is crucial for outcoupling the power lost to the associated
SPP modes at the desired light-emitting wavelength (Fig. 4).
SPP resonance at the periodically corrugated metal surface
is tunable by adjusting the grating period as the following
condition, when the energy and momentum of the incident
light match to that of the SPP mode along the metal/organic
interface [74].

. 2mm
kspp = |Kiighs Sina £ T 2)

Where, kspp is the in-plane wavevector of the SPP, kj; g, is
the wavevector of the emitted light, A is the period of the
corrugation, «is the emission angle, and m is an integer. The
appropriate period of the micro/nano patterns is required to
extract the WG or SPP modes in normal emission, so that
their resonance at the normal direction could be close to
the emission peak wavelength of the emitter in the OLEDs.
However, SPP and WG modes would be coupled out of the
structure at different wavelengths because of their different
dispersion relation. Therefore, it’s crucial to tune both SPP
and WG to be within the emission wavelength region by
designing the parameters of the device structure.
Micro/nano patterns with random structure such
as nanoporous alumina [35, 36], spontaneously formed
nanofacet-structured MgO and buckles [34,37,88], and ran-
dom nanostructure scattering layers [89,90] have been em-
ployed in OLED:s to realize the enhanced light extraction.
Unlike the periodic structure to outcouple the photons at a
particular wavelength region by satisfying the Bragg con-
dition, the random structure with directional randomness
and broad distribution can enhance the light outcoupling
without introducing spectra changes and directionality.

3. The fabrication of micro/nano patterns
in OLEDs

A simple and low cost manufacturing technique is cru-
cial for introducing the micro/nano patterns into the OLED
structure. Various lithography-based technologies are ef-
fective in fabricating periodic corrugation. However, these
approaches are applicable in inorganic LEDs due to the high
chemical and physical stability of the inorganic semicon-
ductors, while difficult to apply to OLEDs because organic
materials are soluble generally in the solvents used in the
lithography, and they experience electrical and/ or opti-
cal deterioration when exposed to oxygen, water or high-
energy electrons. The feasible approaches to introduce the
micro/nano patterns into the OLEDs will be discussed in
this section. The fabrication techniques for integrating the
micro/nano patterns in the OLEDs are mostly applicable to
OPVs owing to their similar materials and device fabrica-
tion processes.

3.1. The fabrication of the periodic micro/nano
patterns in OLEDs

3.1.1. Holographic lithography for the micro/nano
patterns

Usually, the micro/nano patterning has to start from the
substrate to avoid the degradation of the OLEDs, so that
pattern transmits through the organic layer to the oppo-
site electrode. Holographic lithography (or interference
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Figure 5 Scheme of introducing periodic corrugation into a
TOLED by holographic lithography (a), and AFM images of the
1D (b) and 2D (c) grating on the photoresist surface and 1D grat-
ing on the Ag cathode surface (d) (with permission of Ref. [96].
Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein-
heim).

lithography) is commonly used technique for fabricating
the periodic micro/nano patterns. The photoresist-coated
substrate was exposed by interference fringes. After devel-
opment, the substrate was etched by RIE (reactive-ion etch-
ing) dry etching, and then the photoresist was removed. In
case of the ITO coated substrate was used, the patterns can
be directly introduced to the layer of the ITO anode by RIE
etching [91]. Alternatively, The ITO or metallic anode was
deposited onto the micro/nano patterned substrate and fol-
lowed by organic and cathode layers to complete the device.
Periodically corrugated OLEDs on silica substrates by holo-
graphic lithography followed with RIE dry etching have
been reported [92-95]. Otherwise the periodic micro/nano
patterned photoresist coated on the substrate can be directly
used for the OLED deposition without the RIE dry etch-
ing (Fig. 5), which significantly simplified the fabricating
process [46, 90, 96]. On the other hand, 2-D SiO2/SiNx
photonic crystals have been fabricated by the holographic
lithography and RIE etching (Fig. 6) [28-30]. The photonic
crystals are inserted at the interface between the ITO layer
and the glass substrate. In this case, the surface of the 2-
D Si02/SiNx photonic crystals is planar, and the pattern
was not introduced to the following electrode and organic
layers. Inserting a vacuum nanohole array into OLEDs by
using a robust reverse-transfer process also maintained a
planar profile of the functional layers [97].

The fabrication of the micro/nano patterns from the
substrate is encountered with problems such as electronic
degradation, because the surface roughness of the ITO an-
ode sputtered on the corrugated substrate is increased. It is
obvious that the problem may be solved if direct patterning

(a) PC layer
Glass Substrate(n=1.5) _L

[ [ROBORC)
SiN, 600nm (n=1.90) O O O
ITO 200nm (n=1.80) o o
.Qmams;maa.z.sxg I':‘°°""‘ AR y—

Metallic Cathode

033 A| SiNy

200nm

Glass

Figure 6 (a) The layer structure of a PC-OLED with SiNx and
SiO2 /SiNx PC layers. Scanning electron micrographs: (b) top
view and (c) cross-sectional view of the PC-OLED layers (with
permission of Ref. [29]. Copyright 2003 American Institute of
Physics).

mirror

Nd: YAG, 355 nm, 10 ns FWHM

Figure 7 Scheme of introducing periodic corrugation into OLED
by laser ablation (a), and AFM images of the ablated corrugation,
1-D (b) and 2-D (c) grating with period of 350 nm on the HTL
surface (with permission of Ref. [101]. Copyright 2011 Elsevier
B.V.).
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of a certain organic functional layers of the OLEDs can be
realized without affecting the flatness of the ITO film. Most
polymers are strongly sensitivity to UV laser ablation con-
dition with low ablation thresholds, so that a corrugation
can be directly recorded on the functional layers of OLEDs
via laser ablation. The one-step fabrication of the periodic
corrugation can be faster and highly reproducible with the
period from microns to sub 100 nm through combining with
a multi-beam interference [98—100]. The periodic corruga-
tion with appropriate depth and period for Bragg scattering
in OLEDs are easily obtained by adjusting the laser flu-
ence and the angle of the two laser beams, as shown in
Fig. 7 [101]. The one-step laser ablation on organic func-
tional layers provides a facile and simple approach with
high controllabiliy, high resolution and reproducibility to
obtain periodically micro/nano patterned OLEDs. The one-
step directly laser ablating of the hole-transporting layer
of the OLEDs to introduce the micro/nano patterns has
demonstrated three times efficiency enhancement [101].

3.1.2. Nanoimprint lithography in OLEDs

Nanoimprint lithography (NIL) as another one-step fab-
rication approach provides a simple way of micro/nano
patternning the functional layers of the OLEDs. High-
resolution patterning of both polymer light-emitting media
and small molecule by using the thermal, vacuum or ul-
traviolet NIL has been reported [102—-105]. Reboud et al.
[105] reported that the patterned functional polymer layers
can be reversely imprinted onto metallic electrode by using
the thermal NIL techniques (Fig. 8). The Alq3 (8- hydrox-
yquinoline aluminum) /DCMII gratings with a period of
200 and 300 nm by the nanoimprint exhibited no degrada-
tion in the luminescent efficiency [106]. The patterns were
introduced to dendrimer-based OLEDs by the NIL [48].
Polymer distributed feedback lasers were demonstrated by
using the NIL-fabricated wavelength-scale microstructures
[107]. The close-packed array of polystyren microsphere
can be used as template for the PDMS replica [35]. While
for the NIL-induced micro/nano patterns in the OLEDs,
the effects of the temperature and pressure environment on
the optical and electrical property of the organic materials
should be considered.

3.1.3. Other methods

Several methods other than the above mentioned technique
have been reported to introduce the periodic micro/nano
patterns into the OLEDs. microlens array was usually made
by using a mold transfer process, which is typically a com-
bination of lithography, thermal reflow, molding and UV or
thermal forming methods [12, 108—110]. Periodic change
of the refractive index without surface-relief structure has
been inscribed in the active materials in the OLEDs by holo-
graphic setup to modify the output characteristics of the
OLEDs [111]. However, this method is limited by realizing
a polymer with both charge-transporting and photosensitive

qualities to undergo a photoisomerization and act as func-
tional layer in OLEDs. Colloidal lithography was employed
to integrate a monolayer of SiO, microsperes on the sub-
strate of the OLEDs to extract the substrate mode [15-17].
The functional films of the OLEDs can be direct patterned
by the colloidal lithography. A close-packed monolayer ar-
ray of polystyren microsphere was etched into a non-closely
packed monolayer array, and a thermal deposition of WOj3
[36,112] on the PS monolayer results in a hexagonally per-
forated anode modification layer on the ITO anode. Using
the monolayer colloidal crystal as template for the chemical
etching of the ITO resulted in a large-area nano-structured
ITO anode [113]. E-beam lithography—fabricated periodic
arrays of Al nanorods [114] and circular metallic gratings
[115] and focused ion beam milling-fabricated Ag gratings
[116] have explored their applications in OLEDs or OPVs.
Both methods have high resolution in generating nanoscale
structures, while have the disadvantages of low throughput
and high cost. Photolithography could be used for pixila-
tion of the OLEDs with micro size for displays [117], while
it’s difficult to realize the patterns in sub-wavelength scale.

3.2. Fabrication of random micro/nano patterns
in OLEDs

Several simple and low-cost processes without an addi-
tional lithography or patterning process have been reported
to obtain the spontaneously formed random micro/nano
patterns. MgO nanofacets as random micro/nano patterns
(Fig. 9) can be formed spontaneously due to the anisotropic
material characteristics of MgO between crystal orienta-
tions [38]. A thin film of MgO was inserted between the
ITO layer and the glass substrate by electron-beam evap-
oration. The MgO facet was formed due to anisotropy of
the properties between (111) and the other main planes of
MgO, (200) and (220). The nanofacet-structured MgO film
acted as a refractive-index-modulating layer to reduce the
total internal reflection at the ITO/glass interface. Takezeo
etal. [41,45] reported spontaneously formed buckles as an-
other kind of random micro/nano patterns introduced into
the OLEDs. Buckling patterns are realized by thermally
evaporating aluminium films on PDMS substrates, which
is preheated to 100°C using an external radiation source.
After cooling to ambient temperature, buckling sponta-
neously occurred. Using nanoporous anodic aluminium ox-
ide [39,40, 118], alumina nanohole array [119] or randomly
distributed dewetting Ag droplets as a hard mask [42,44]
are alternative methods to introduce the random micro/nano
patterns into the OLEDs.

From a practical point of view, high-resolution, simple,
low-cost and high-throughput techniques to fabricate the
micro/nano patterns are required for the commercialization
and need to be pursued and developed. Holographic lithog-
raphy [90-96] and nanoimprint lithography [102-107] de-
liver high quality, inexpensive and large area periodic mi-
cro/nano patterns, and could be easily applied to OLEDs.
For random pattern fabrication, spontaneously formed
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Figure 8 Schematic of process steps based on reverse nanoimprint for the fabrication of OLEDs. (a) The silicon stamp is placed on
a spin-coater, (b) light-emitting polymer (PPV) is spin-coated on the stamp, (c) PEDOT is spin-coated on top of the PPV layer, (d) the
spin-coated stamp is reverse imprinted on a unpatterned or patterned pre-treated metallic surface fabricated by conventional thermal
NIL techniques, (e) the stamp is carefully separated leaving the polymer multi-layers on the metallic electrodes and (f) the cathode
is evaporated to form the OLEDs. Devices IV and V incorporate an unpatterned and patterned anode (with permission of Ref. [105].

Copyright 2012 The Royal Society of Chemistry).
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Ray3

Figure 9 (a) Schematic diagram of bottom-emitting OLEDs with
the embedded nanofacet-structured refractive index modulation
layers (RIML) at the glass/ITO interface. The RIML is composited
of electron-beam-evaporated MgO and MgO/ZrO2. (b) Schematic
explanation of the mechanism for improving device out-coupling
efficiency with a microfacet-structured RIML. Diagrams are not to
scale (with permission of Ref. [38]. Copyright 2010 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim).

random patterns [38,41] and hard mask template [39, 40]
provide inexpensive and simple methods for the potential
industry applications.

4. Enhanced device performance by
micro/nano patterns

4.1. External light extraction from OLEDs by the
micro/nano patterns

To outcouple the photons trapped inside the substrate of the
bottom-emitting OLEDs due to the total internal reflection
at the glass/air interface, a modification of the external sur-
face of the glass substrate are often preferable since they do
not induce any alteration either in the functioning or in the
architecture of the device. In particular, there is neither any
change on device electrical properties nor spectral variation
with viewing angle. The effect of the micro/nano patterns,
with different feature size and geometries, in the light ex-
traction has been discussed by different authors. Microlens
arrays [120-125], micrometric conical pillars [126], micro-
metric and millimeter size pyramids [127,128] have already
been employed to this purpose. Among these geometries,
microlens array is simple to fabricate and can be easily ap-
plied to large area substrates. Theoretical and experimental
works have been developed to quantitatively analyze the
performance of the microlens array with various shapes

www.lpr-journal.org
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Figure 10 SEM of a PDMS microlens array fabricated from the mold. The detailed side view of the lenses (inset) shows that the PDMS
accurately images the mold shape. External quantum and power efficiency vs current density of an Ir(ppy)3 doped phosphorescent
OLED (with permission of Ref. [13]. Copyright 2002 American Institute of Physics).

and sizes for the light extraction enhancement of planar
OLEDs by comparing the efficiency of the devices with
and without the microlens array. The enhancement of light
extraction of up to 85% was theoretically predicted from an
optimized lens pattern with a hemispherical structure [109].
Experimentally, Forrest et al. [13] demonstrated a 50% EQE
enhancement with the EQE increasing from 9.5% to 14.5%
by using a 10 um diam PDMS lenses attached to the glass
substrates of a fac tris(2-phenylpyridine)Iridium (Ir(ppy)3)-
based OLED (Fig. 10). Uniform 2 p-pitch microlens arrays
resulted in a 100% EQE enhancement [110].

In addition to the microlens array, incorporation of
other micro/nano patterns to the back side of the sub-
strate to outcouple the substrate mode was investigated.
The submicrometer-size silica spheres with monolayer of
hexagonally closed-packed arrays [15-17] attached to a
glass substrate effectively scatter waveguided light within
a glass substrate and resulted in a 60% enhancement in
luminous efficiency for the Alq;-based OLEDs [17]. 22%
enhancement in outcoupling efficiency by using a diffusive
layer [129] and 40% enhancement in current efficiency by
using pillar arrays [130] have been observed, respectively.
Shaping of the device into a mesa structure demonstrated
90% improvement in the EQE [64]. It should be pointed out
that the incorporation of the micro/nano pattern to the back
side of the substrate induces blurring of the image due to
the light rays are outcoupled from the non-emissive region.
This may not be desirable for high resolution displays.

4.2. Internal light extraction from
bottom-emitting OLEDs

The modification of the internal structure inside the device
is required to achieve the internal extraction of the power
loss to the light waveguiding in the ITO/organic layer or the
SPP mode at the organic/electrode interface. The effect of
the internal structure modification by the micro/nano pat-

terns on the internal light extraction of the bottom-emitting
OLEDs will be discussed in this section.

4.2.1. Outcoupling of the WG and SPP mode in OLEDs

If the micro/nano patterning starts from the substrate, the
following deposited organic layers and electrode by ther-
mal evaporation duplicate morphology of the substrate. The
transmission of the corrugation through the organic layers
to the opposite electrode is crucial for the simultaneous
outcoupling of the WG and SPP mode. Additional peaks
corresponding to the SPP or WG resonance can be observed
from the EL spectra of the OLEDs, which indicate an ef-
ficiently outcoupling of photons from these optical modes
[90,92,101,131]. For emission normal to the OLED struc-
ture, an additional peak corresponding to the SPP or WG
resonance at the normal direction can be observed within
the emission wavelength region of the OLEDs, and at other
angles the peak splits into two features-one at shorter wave-
length and the other at longer wavelength for both SPP and
WG modes, as can be seen in Fig. 11 [101]. These optical
modes can be identified by the simulated spatial magnetic
field distribution across the device structure as a function
of position with the normal incident light [46,96,101]. The
field intensity corresponding to the SPP resonance is with
maximum at the metallic electrode/organic interface and
decay along the direction perpendicular to it (Fig. 2). On
the other hand, the field confined mainly within the or-
ganic and ITO layers should be assigned to the TE and
TM polarized WG modes due to the high refractive index
of the organic and ITO layers. It should be noted that the
angular-dependent resonant wavelength of both WG and
SPP modes would result in an angular dependence of the
EL spectra, which may cause an angular-dependent color
change as this would be undesirable for display applica-
tions. While, only the resonant wavelength within the emis-
sion wavelength region of the emitter can be coupled out
for both SPP and WG mode, which weaken the influence
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Figure 11 Measured EL spectra with TM (a) and TE (b) polarization at different observation angle from the corrugated OLEDs with
350-nm grating. And the wavelength versus incident angle for the calculated dispersion relation of the corrugated OLEDs for TM (c)
and TE (d) polarization. The measured dispersion relation extracted from the EL spectra (circles) is also shown in (c) and (d) (with

permission of Ref. [101]. Copyright 2011 Elsevier B.V.).

of the angular-dependent EL on the color change. On the
other hand, a well-designed micro/nano pattern would scat-
ter the modes across the whole spectrum to improve the
viewing characteristics, which is discussed in Section 4.2.2
and 4.3.

In case of a periodic micro/nano pattern is introduced,
besides the grating period, the amplitude of the grating is an
important factor to affect the light extraction efficiency of
the OLEDs [88, 89, 132]. The optimal depth for the optical
and electrical properties is usually not coincident. It would
seem likely that the increased grating depth would lead
to a larger thickness variation for the following deposited
organic functional layers and electrode. The resulted non-
uniform electric field distribution leads to a non-uniform
current flow across the organic layers and a degradation of
the OLED performance. Considering the thickness of the
organic films of a typical OLED is around 100 nm in total,
the optimized grating depth is in the region of a few tens
nanometers [37,46, 133]. Efficient outcoupling of the SPP
and WG modes has been demonstrated for the micro-nano
patterned OLEDs based on polymer [46], small molecules
[92, 101] and phosphorescent dentrimers [48]. Worthing
and Barnes [134] reported that only approximately half of
all propagation directions can couple to radiation for SPPs

propagating on a 1-D corrugated surface, which limits the
SPP radiation efficiency. Whereas in case of 2-D corruga-
tion, SPPs propagate all in-plane directions can be coupled
to free-space radiation, resulting in improved coupling ef-
ficiency. Higher EL intensity from the 2D-patterned OLED
compared to that of the 1D-patterned OLEDs was observed
[92]. The outcoupling of the WG modes is also more effi-
cient for the 2D patterns. Youn et al [135] reported a scheme
to extract both the WG and SPP modes simultaneously
by fabricating OLEDs on corrugated high-refractive-index
sapphire substrates, and a high EQE of 63% was obtained
by using an additional macro lens on the back side of the
substrate.

Unlike the periodic corrugation formed throughout the
OLED structure, the surface of the 2-D SiO2/SiNx photonic
crystals inserted at the interface of the glass and the ITO
anode was flattened by deposition of the SiNx film using
plasma-enhanced chemical vapor deposition (PECVD) [28]
or a spin coating of a planarization layer [32]. The pattern
was not introduced to the following electrode and organic
layers, which is benefit to the electrical properties of the
OLEDs. By comparing the OLEDs on both conventional
substrate and a photonic crystal layer covered substrate
side by side, an increase in the extraction of over 50%
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Figure 12 (a) Schematic diagrams of the structure of the transparent OLED and the microstructures for light extraction. (b-c) External
quantum efficiencies and power efficiencies of the OLEDs (with permission of Ref. [12]. Copyright 2013 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim).

was achieved experimentally, and over 80% is expected
theoretically [28,29,31-33]. For example, the current ef-
ficiency in the normal direction at 20 mA/cm? was im-
proved from 10.9 cd/A for the conventional OLED to
16.4 cd/A for the 2D PC OLED corresponding to a 52%
enhancement [31]. The improved outcoupling originates
from the liberation of the photons trapped in the high-index
ITO/organic WG mode. Meanwhile, with appropriate pa-
rameters of the PC structure, light waves tend to diffract
more into shallow angles, which results in the light extrac-
tion from the substrate mode by reducing the total internal
reflection, so that a high outcoupling efficiency is achiev-
able. While the corrugation was not introduced to the elec-
trode/organic interface, the SPP mode cannot be effectively
outcoupled.

In case of the ITO-free OLEDs with two metallic elec-
trodes, a metallic film with high electrical conductivity
and optical transmission is used to replace ITO as anode.
Highly efficient light extraction could be expected by ex-
citation and outcoupling of the SPP modes in the OLEDs,
since light trapped in the SPP modes becomes one of the
main power lost [90, 131, 136]. A 30% current efficiency

enhancement was obtained by increasing the efficiency
from 3.2 to 4.19 cd/A for the Algs-based OLEDs with two
metallic electrodes of Au anode and Ag cathode, where
the SPP losses at the Ag cathode/organic interface were ef-
fectively extracted by introducing the periodic micro/nano
patterns [137]. On the other hand, a metal-free OLED with
good transparency combined with a method to extract the
light efficiently from the device could be another solution
for the purpose of reducing the SPP loss [138]. Kim et al.
[12] reported the transparent OLEDs with the indium zinc
oxide (IZO) and ITO layers as the top and bottom elec-
trodes, respectively. A high refractive index light extraction
pattern was additionally fabricated on the transparent top
electrode using a simple evaporation method and a mi-
crolens array sheet was attached on the bottom side of the
glass substrate to extract the confined light inside the device,
as shown in Fig. 12a. The resulted EQE of the OLEDs was
increased from 18.2% to 47.3%. It was further improved to
62.9% by attaching an index-matched hemisphere lens in-
stead of the microlens array on the glass substrate to extract
the remaining light guiding losses inside of the device (Fig.
12b and c¢).
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Figure 13 (a—c) Schematic of the broadband light extraction by
using dual-periodic corrugation. (d—f) AFM images of surface
morphologies of photoresist with 1D period of (d) 225 and (e)
325 nm, and (f) 2D dual-periodic corrugation (with permission
of Ref. [139]. Copyright 2013 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim).

4.2.2. Broadband internal light extraction from OLEDs
by micro-nano patterns

Broadband light extraction is important for the efficient
outcoupling of the photons trapped in the white organic
light-emitting devices (WOLEDs) with spectra covering
the whole visible wavelength. Broadband extraction of
the substrate modes can be easily realized by attach-
ing a microlens array on the outside of the substrate.
While broadband extraction is difficult to be obtained
for the WG and SPP modes inside of the OLEDs by
introducing the structure modification inside the device
structure. Micro/nano patterns with monoperiodicity in-
troduced into the OLEDs are suitable for specific nar-
row range of wavelength by satisfying the Bragg scat-
tering condition, and applicable only for monochromatic
OLED:s.

Broadband excitation and outcoupling of the SPPs in
the WOLEDs have been obtained by introducing a 2-D
pattern with dual-periodic corrugation into the WOLEDs
[139]. The 2-D pattern consisted two sets of corrugations
with different periods can broaden the SPP resonance com-
pared to that of the monoperiodic pattern (Fig. 13). The
blue and orange emission are both efficiently extracted
from the two complementary color-based WOLEDs by
tuning appropriate periods of the dual-periodic patterns.
The maximum current efficiency was improved from 16.27
cd/A for the conventional planar devices to 22.33 cd/A
for the dual-periodic corrugated device corresponding to
37% enhancement. Broadband lambertian emitters have
been obtained by using defective hexagonal-closed-packed
grating for light extraction due to the periodicity broad-
ening and the random orientation in the gratings, which
resulted in enhancements in current efficiencies by a factor
of 1.7 (from 2.57 to 4.38 cd/A) [35]. Random micro/nano
pattern [140-142], such as nanoporous [39] or sponta-
neously formed quasi-periodic buckling [41, 143, 144],
metal oxide nanostructures [145] or nanofacet structures

[38] have a broad distribution to enhance the light extrac-
tion efficiency without introducing spectral changes and
directionality. Koo et al. [41] reported an EL spectrum
enhanced by at least a factor of two across the entire vis-
ible wavelength regime by using the quasi-periodic buck-
les (Fig. 14). In the Alqs-based devices with and with-
out buckling, the current efficiency was 1.67 and 3.65
cd/A, respectively, corresponding to an enhancement of
120%. Metal nanoparticles induced localized surface plas-
mon resonance also support the broadband SPP excitation
and can be embedded into the OLEDs [146—-153]. Imple-
menting quasi-periodic subwavelength nanofunnel arrays
on the hole-injection layer of PEDOT:PSS via soft nanoim-
printing lithography enhance broadband light extraction in
WOLEDs [154, 155]. Inserting a nanosized strip auxiliary
electrode layer between the substrate and ITO layer [156]
or a plasmonic cavity having deep subwavelength nanos-
tructures [157] is also able to enhance light extraction of
WOLED:s.

In case of flexible OLEDs, broadband light extraction
has been obtained by using an ameliorated low-refractive-
index PET substrate consisting of a built-in transparent con-
ductive electrode of Ag network and a bioinspired optical
coupling layer of moth-eye nanostructure [158]. A compos-
ite electrode to replace ITO comprising a layer of single-
walled carbon nanotube and a layer of silver nanowires
embedded in the surface of a barium strontium titanate
nanoparticle-polymer composite is also effective in flexible
polymer-based OLEDs to realize broadband light extrac-
tion [159].

4.3. Light extraction from top-emitting OLEDs

Another way of outcoupling the trapped light is the use of
microcavity structure to direct light emission to air. For the
bottom-emitting OLEDs, aperiodic dielectric stacks were
placed between transparent anode and glass substrate to in-
crease the outcoupling efficiency by confining the emission
within the narrowed viewing cone [160,161]. In case of top-
emitting organic light-emitting devices (TOLEDs), the top
semi-transparent metallic electrode and the bottom metallic
electrode together with the organic layers form a Febry-
Perot resonator, and the resulting microcavity resonance
has a positive effect on the light outcoupling efficiency in
the resonance region [162, 163]. However the microcav-
ity structures usually resulted in non-Lambertian emission
characteristics with obvious spectra shifts as a function of
the viewing angle. TOLEDs are attracting much attention
since light outcoupling from the top allows the fabrication
of OLEDs on opaque substrates. It is particularly suitable
for active matrix displays with high resolution and high
information content due to the higher aperture ratio and
display image quality. The simultaneous achievement of
enhanced efficiency, enhanced color saturation and stable
spectra with the viewing angles in the same device design
is one of the main challenges for the practical applications
of the TOLEDs [164—168].
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Figure 14 (a—c) AFM analysis of buckling patterns. Inset: FFT patterns of each image. (d) Current efficiency and power efficiency as
a function of luminance for OLEDs without buckling (black) and with double (red) and triple (blue) buckling (with permission of Ref.

[41]. Copyright 2010 Nature Publishing Group).

The metallic film is used as semi-transparent top cath-
ode of the TOLEDs, and thinner metallic film ensures a
higher transparency. However, more pinholes are formed
in the very thin film due to its poor film continuity, which
results in decreased electrical conductivity and lowered de-
vice efficiency. Thicker metallic film offers higher film con-
tinuity and thereafter higher electrical conductivity, how-
ever, the efficiency is still lowered due to the decreased
optical transmittance. Jin et al. [96] reported an enhanced
light transmission through a thick metallic cathode by
cross coupling occurring between the SPP modes associ-
ated with the top surface of the cathode and the microcavity
modes within the device induced by the periodic micro/nano
patterns. An emitting layer of (4-(dicyanomethylene)-2-t-
butyl-6-(1, 1, 7, 7-tetramethyljulolidyl)-4H-pyran (DCJTB)
doped Alqgs; was employed for the red-emitting TOLEDs.
As a result, the current efficiency at the current density of
100 mA/cm? is increased from 5.3 cd/A for the planar de-
vice to 7.1 and 7.4 cd/A for the 1-D and 2-D corrugated
devices, respectively, which corresponded to 30% and 40%
efficiency enhancement to the planar device by using the
1-D and 2-D corrugation. The half-luminance lifetime was

also much enhanced due to the increase of the cathode
thickness.

Enhanced outcoupling efficiency of the TOLED has
also been demonstrated by integrating a refractive index-
matched microlens array on the top cathode [169,170]. The
microlens film with a higher index of refraction allows a
large portion of the WG modes in the organic/transparent
electrode layers to enter the microlens and be subsequently
extracted. As we have discussed in Section 4.1, the mi-
crolens array on the glass substrate of the bottom-emitting
OLED:s results in serious image blurring. In contrast, the
blurring of pixel emission is substantially reduced for the
case of TOLEDs laminated with microlens array. Realizing
white emissions from TOLEDs has been encountered with
challenges in not only the light extraction but also the high
quality of the white color. The microcavity (MC) effect of
the TOLEDs induces a narrow bandwidth of the EL spec-
trum as well as a blue shift of the emission color as the view-
ing angle increases. Broadband light extraction and stable
colors with viewing angles have been obtained by using the
microlens array in the TOLEDs. Therefore, this method is
applicable to the white TOLEDs [124]. Another simple and
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Figure 15 (a) Schematic of the mode hybridization strategy for the WTOLEDs. (b) EL spectra of the device TPP-MC with various
viewing angles. The normalized spectra are shown in the inset. (c) luminance—power efficiency characteristics of the bottom-emitting
WOLED with ITO as the anode (device R), conventional MC-based device (device MC), WOLED based on the TPP-MC hybrid modes
(device TPP-MC), and MC device with a capping layer (device C-MC). (with permission of Ref. [171]. Copyright 2015 Optical Society

of America).

effective strategy [171] for WTOLEDs with the improve-
ment in both viewing characteristics and light outcouplings
is based on a mode hybridization induced hybrid Tamm
plasmon-polariton/microcavity (TPP-MC) modes (Fig. 15).
The TPP-MC hybrid modes can be excited through the
mode hybridization between the intrinsic MC resonance
and the introduced TPP mode by integrating a photonic
crystal structure upon the top metallic electrode to intro-
duce the TPP mode as shown in Fig. 15a. The two excited
TPP-MC hybrid modes are especially suitable for use in
the WTOLEDs based on two-complementary-color strat-
egy, since they exhibit comparable light outcoupling ef-
ficiency while the resonant wavelengths could be simply
designed to well match the intrinsic emission peaks of the
WTOLEDs. The two emission peaks on the EL spectra of
the device both exhibit a slight blue shift as the viewing
angle increases, but their intensity ratio is almost invariant

as can be seen in Fig. 15b. This feature results in a small
variation of the CIE coordinate. The WOLEDs based on
the hybrid modes exhibits the highest efficiency as a result
of efficient light outcouplings (Fig. 15¢).

In addition, introducing the micro/nano patterns into the
TOLEDs provide another strategy to improve the viewing-
angle characteristic by constructing a microcavity with a
gradually changed cavity length [172,173]. The microstruc-
tured cavity with gradually changed resonant wavelengths
covering the whole visible range was constructed by two
periodically corrugated Ag electrodes with different groove
depth and sandwiched with organic layers. In this case, the
period should be larger than wavelength scale to avoid dis-
turbing the flat and wide band emission by Bragg scatter-
ing in the visible region. Both monochromatic and white
TOLEDs with omnidirectional emission have been success-
fully obtained. A random nano-structured scattering layer
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in TOLEDs is also effective in improving the out-coupling
efficiency and spectra angular independency [174]. Com-
pared to the micro/nano patterns, introducing a capping
layer on top of the thin metallic cathode [164,165] is another
effective method to improve the outcoupling efficiency and
viewing characteristics by broadening the MC resonance.
A broadened EL spectrum and increased outcoupling effi-
ciency could be obtained by using the capping layer. An
appropriate thickness and refractive index for the capping
layer is required for the light outcoupling at specific wave-
length or broadband light extraction.

The reported enhancement in the outcoupling efficiency
of the OLEDs integrated with various mict/nano patterns
has been summarized in Table 1. There exist variations in
the materials, structure design and the fabrication process of
the micro/nano-patterned OLEDs, and these factors should
be taken into account for evaluating the varous patterns on
the light extraction. Despite the benefits of the micro/nano
pattern-enabled light extraction discussed in the above sec-
tions, it should be noted that the performance reported for
many micro/nano pattern-integrated OLEDs is still lower
than the experimentally achieved efficiency records for
OLEDs employing the same materials, as the largest en-
hancement factors were observed when comparing with
relatively poor reference devices. A combination of the ex-
ternal and internal light extraction method would result in a
maximum outcoupling efficiency of the OLEDs [12, 145].

4.4. Manipulation of the emitting properties
by the micro/nano patterns

Besides the manipulation of the micro/nano patterns on
the light extraction and emission spectra, the manipulation
on the polarization, energy transfer [175—-177], and highly
directional light beam [178—-182] can be obtained in the
OLEDs. Highly directional EL have been achieved in the
TOLEDs by using a 2D periodically patterned silver film
as a cathode and an organic dye with a narrow bandwidth
of emission spectrum as an emitter [93]. The TEOLEDs
exhibited beam divergence of less than 4° and the beam
direction is controllable by tuning the periodicity of the
corrugation. The resonant excitation of the SPPs associated
at the silver film interfaces contributes to the light trans-
mission through the silver cathode and to the directional
emission.

Andrew et al. [183] reported that energy transfer from
donor to acceptor molecules can be enhanced by the medi-
ation of the SPPs through the coupling of the SPPs on the
opposite interfaces of a metal film. For the SPP-mediated
energy transfer, acceptor and donor molecules can be lo-
cated at opposite sides of a metallic film, which allows ra-
diative energy transfer over distances of more than 100 nm.
This energy transfer process is quite different from the
Forster or Dexter nonradiative energy transfer, where the
distance between donor and acceptor molecules should be
less than 10 nm. The SPP-mediated radiative energy transfer
has been employed in the TOLEDs [95]. The EL intensity

from the patterned TOLEDs shows 10 times enhancement
compared to that of the flat TOLEDs, because the coupled
SPPs on the opposite interfaces of the micro/nano patterned
silver cathode act as an efficient energy transfer mediator
from the donor to the acceptor. This energy transfer mech-
anism has been applied into organic photovoltaics with an
external antenna layer to realize broadband enhanced ab-
sorption by mediating the energy transfer from the antenna
layer to the active layer [184].

5. Micro/nano patterns in organic
photovoltaics

Micro/nano patterns are widely used in OPVs, while they
play a different role in manipulating light in OPVs com-
pared to that of the light extraction in the OLEDs, i.e. light
trapping. The active layer in the OPVs is inherently very
thin due to the low charge-carrier mobility and small exci-
ton diffusion length of most small molecular and polymeric
materials [185, 186]. The thickness of the active layer is in
turn limited, which lead to poor solar light absorption and
low power conversion efficiency (PCE). Localized SPs ex-
cited in metal nanoparticles [187-189] or SPPs propagating
at the metal/organic interface can concentrate and folded
light into the thin absorber layer and increase the absorption
by proper engineering the micro/nano patterns [190-194].
It yields new options for solar-cell design by permitting a
considerable reduction in the physical thickness of solar
photovoltaic absorber layers. The micro/nano patterns em-
ployed in the OLEDs are mostly applicable to the OPVs in
not only the fabrication techniques but the effect of the light
manipulation. Unlike the SPP-enabled absorption enhance-
ment by the metallic NPs or gratings, dielectric NPs have
been employed in the OPVs to improve the light harvest-
ing. High refractive index TiO, NPs are commonly used
to form the light-scattering film by inserting it between the
electrode and active layer [195,196], or embedded it in PE-
DOT: PSS as light-trapping electrode [197]. Compared to
the dielectric NPs-based light scattering, plasmonic nanos-
tructures have been more extensively investigated, because
SPPs are strongly confined at the metal/organic interface
and results in an efficient incoupling of light into the ab-
sorbers [198,199].

Tuning the SPP resonance to the absorption region of
the absorber layer is crucial for the most absorption en-
hancement for efficiently utilizing the SPP-enhanced light
trapping. In contrast to metallic nanoparticles, periodically
micro/nano patterned metal film forms a particularly inter-
esting class, since their periodicity can be tuned to easily
adjust the SPP resonance so that a coincidence between
the SPP resonance and the absorption wavelength region of
the absorber layer can be obtained to realize a maximum
absorption enhancement. Therefore, using the periodically
micro/nano patterned metal to excite SPP may provide a
possible way to release the tradeoff between photon ab-
sorption and exciton harvesting efficiency. 1-D or 2-D pe-
riodic micro/nano patterned metallic electrode with wave
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Table 1 Reported enhancement in the outcoupling efficiency of the OLEDs integrated with various micr/nano patterns

Micro/nano patterns

Efficiency enhancement Ref. No.

Microlens array on back side of the substrate

Microlens array on top electrode of TOLEDs

Silica sphere on back side of the substrate
Pillar array on back side of the substrate
Mesa shaping of the device

Periodic gratings inside the device structure

2-D photonic crystals at the interface of the
glass and the ITO anode

Random patterns inside the device structure

Top microcones array combined with bottom
microlens array

Random buckling inside the device structure
combined with a hemispherical lens on
back side of the substrate

50% (in EQE) [13]

100% (in EQE) [110]
120% (in EQE) [170]
51% (in EQE) [124]
60% (in cd/A) [7]
40% (in cd/A) [130]
90% (in EQE) [64]
30% (in cd/A) [137]
37% (in cd/A) [139]
70% (in cd/A) [35]
40% (in cd/A) [96]
38% (in cd/A) [28]
52% (in cd/A) [31]
120% (in cd/A) [41]
34.7% (in Im/W) [38]
40% (in EQE) [140]
70% (in EQE) [145]
160% (in EQE) [12]
150% (in EQE) [145]

length-scale periodicity has been integrated into the OPV
structure to excite the SPP at the metal/organic interface
with tunable resonance. Yu Jin et al. demonstrated 35%
enhancement in the PCE by employing a 1-D periodic mi-
cro/nano patterns [190, 191]. Various fabrication approach
has been employed to introduce the 1-D and 2-D patterns
into the OPVs, where the various grating conditions, such
as dimensions, period and depth on the OPV performance
was investigated [200-206].

Broadband excitation of the SPPs supported by the mi-
cro/nano patterns is highly desirable for the broadband ab-
sorption enhancement to improve the PCE of the OPVs.
Dual plasmonic nanostructures with combined metallic NPs
and metallic grating electrode [207,208], and combined
metallic grating and photonic crystal [209] have been re-
ported to realize multiple SPP excitation. The micro/nano
patterns with 2D dual periodic [210], aperiodic [211] and
quasi-periodic corrugations [206], and hexagonal pyramid
arrays [212] capable of light trapping with broadband spec-
tra response by the effect of anti-reflection, light scatter-
ing as well as SPPs. 3-D ITO nanohelix array fabricated
by an olique-angle deposition techique has been applied
in the OPVs as a multifunctional electrode for simulta-
neously improving light absorption and charge transport
[213]. Using an external antenna layer with complemen-
tary absorption property to the active layer is another exam-

ple of the SPP-resulted broadband absorption enhancement
[184]. The antenna layer absorbs the photons at shorter
wavelength, which is coupled to the active layer by SPP
mediated energy transfer through the micro/nano patterned
metallic electrode. As aresult, the absorption was enhanced
in a wide wavelength range from 400 nm to 700 nm.

6. Conclusions and outlook

In this review, we have discussed the major advances that
have recently been achieved in the light manipulation in
OLEDs by integrating micro/nano patterns. By incorpo-
rating the micro/nano patterns with random or periodic
morphologies inside and outside the device structure, the
OLEDs show enhanced light extraction performance com-
pared to the conventional planar devices for both bottom
and top-emitting OLEDs. The photons trapped in the sub-
strate of the bottom-emitting OLEDs due to the total in-
ternal reflection at the glass/air interface can be effectively
outcoupled by a micro/nano patterned external surface of
the glass substrate, while the power lost to the WG and SPP
modes can be effectively outcoupled by the modification of
the internal structure inside the device with the micro/nano
patterns. Broadband light extraction in OLEDs and light
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absorption in OPVs both can be obtained by micro/nano
pattern-induced broadband excitation of the SPPs. In case
of the TOLEDs, the micro/nano patterns play an important
role in not only light extraction but improving the viewing-
angle characteristic. We have further discussed emitting
properties other than the light extraction could be manipu-
lated by introducing the micro/nano patterns.

Due to the progress made in material development and
device optimization, OLEDs have demonstrated remark-
able success in the past few years with the recent advance
in display industry. In the long term, research is moving
from developing the materials to optimizing the light out-
coupling from the design of the device structure. For further
progress, the focus on the science and technology of mi-
cro/nano patterns for light manipulation offers the potential
of achieving higher-efficiency devices, which is particularly
important for lighting applications where high efficiency is
critically required. We should also keep in mind that a sim-
ple and low cost manufacturing technique of the micro/nano
patterned OLEDs is crucial for commercial applications.
The authors hope that the subject of this review, summariz-
ing the knowledge of light manipulation by the micro/nano
pattern in the OLEDs, would be instrumental in optimizing
structure design and, consequently, high-efficiency devices.
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