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Plasmonic Nanocavity Organic Light-Emitting Diode with
Significantly Enhanced Light Extraction, Contrast, Viewing

Angle, Brightness, and Low-Glare

Wei Ding, Yuxuan Wang, Hao Chen, and Stephen Y. Chou*

One central challenge in LEDs is to increase light extraction; but for display
applications, other factors may have equal significance, such as ambient-
light absorption, contrast, viewing angle, image sharpness, brightness, and
low-glare. However, current LED structures enhance only some of the factors,
while degrading the others. Here, a new organic LED (OLED) structure is
proposed and demonstrated, with a novel plasmonic nanocavity, termed
“plasmonic cavity with subwavelength hole-array” (PlaCSH), and exhibits
experimentally significant enhancements of all above factors with unprec-
edented performances. Compared to the conventional OLEDs (the same but
without PlaCSH), PlaCSH-OLEDs achieve experimentally: i) 1.57-fold higher
external-quantum-efficiency and light-extraction-efficiency (29%/32% without
lens, 55%/60% with lens)—among the highest reported; ii) ambient-light
absorption not only 2.5-fold higher but also broad-band (400 nm) and nearly
angle and polarization independent, leading to lower-glare; iii) fivefold higher
contrast (12 000 for 140 lux ambient-light); iv) viewing angle tunable by the

or metal mirrors)37-%11-2036=3  often

significantly increase the ambient light
reflection, hence degrading the contrast.
Such ambient light reflection problem is
particularly serious in OLEDs (which use
metallic high-reflective backplanes)?2-24
or high light extraction inorganic LEDs
(flip-chip with metallic high reflective-
mirror).l'% All current methods for good
contrast uses the methods that absorb the
ambient light (e.g., circular polarizers,
light absorbing layers, destructive-interfer-
ence buffer layers, and low light reflection
black cathode)22-2426-34 but also degrade
the light extraction substantially. The light
extraction degradation is often as large as
a factor of 2 (i.e., lossing a half of the total
light that is otherwise being extracted). In

cavity length; v) 1.86-fold higher normal-view-brightness; and vi) uniform
color over all emission angles. The PlaCSH is an excellent optical antenna—
excellent in both radiation and absorption of light. Furthermore, PlaCSH-
OLEDs, a simple structure to produce, are fabricated using nanoimprint over

large-area (=1000 cm?), hence scalable to wallpaper size.

1. Introduction

For display image quality, in addition to light extraction,!'-2¥ the
LED’s ambient light absorption (reflection), contrast, viewing
angle, image sharpness, brightness, and low-glare are all impor-
tant.?'=3%] In the displays for hand-held devices (the largest
usage of displays), which are viewed at a fixed angle and are
often used in bright ambient light, these factors may be more
important than light extraction. However, the current LED struc-
tures improve only some of the factors, often at the expenses
of degrading the others. For examples, the most common
methods for enhancing light extraction (i.e., light scattering/
reflection using micro/nano-patterned surfaces/interfaces and/
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other words, the most current LED struc-
tures cannot have high light extraction
and high ambient light absorption (i.e.,
low ambient light reflection) at the same
time; they are either a good light radiator
or a good ambient light absorber, but not
both. Resonant-cavity LEDs with dielectric
mirrors can be a good light radiator and
absorber, but only in a few nanometer
wavelength range and in a particular direction,”#% hence suf-
fering similar low contrast and large glare as other LED struc-
tures in display applications. Moreover, in conventional LEDs,
the viewing angle is fixed by the Lambertian radiation pattern
unless using lenses or resonant cavities;*!! and the ambient
light reflection often follows Fresnel's law, hence having large
glare.

Metals have many unique properties over dielectric coun-
terparts. One of them is the generation of surface plasmon
polariton (SPP), which can, under certain conditions, enhance
the light radiation rate (Purcell Effect), alter the radiation inten-
sity and pattern, and improve the light extraction.[*>#3>36] Yet,
the implementation into LEDs with a single layer of metallic
(plasmonic) structures (either nanostructures or a planar thin-
film)™*4 or two layers of planar metallic thin-films has achieved
only limited improvements in LED light extraction.l*®l The gen-
eral concept of using a plasmonic microcavity with nanoper-
forated metal cladding for improving light extraction was first
proposed and discussed theoretically by Barnes,*3l and was
implemented experimentally, with limited enhancements, to
the optical pumped inorganic LEDs with a metal nanograting
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cladding!®! and the electrical pumped OLEDs with a metal
hole-array cladding of a period larger than the wavelength*®!
(Note: In optically pumped LEDs, the enhancements in light
extraction and absorption are intertwined and cannot be sepa-
rated experimentally, and hence cannot be quantified individu-
ally).1*>] However, there are no studies or proposals on the use
of plasmonic effects to improve LED’s ambient light reflection,
contrast, viewing angle, brightness and glare.

Recently, we proposed and developed a new ultra-thin solar
cell using a novel subwavelength plasmonic nanocavity, termed
“plasmonic cavity with subwavelength hole-array” (PlaCSH),
which shows high (>90%) light absorption and trapping over
a broad bandwidth and omni acceptance (nearly independent
of incident light angle and polarization and with changes much
smaller than Fresnel law).*/] Our previous experiments also
show that the blocking of the light transmission through the
subwavelength holes in a thin metal mesh by covering each
hole with an opaque metal disk nearby, in fact, does not block
the light at all, but instead significantly enhance light transmis-
sion than the open holes.*®! Based on these experiments and an
expectation of reciprocity in plasmonics, we have implemented
the broad-band subwavelength plasmonic nanocavity, PlaCSH,
into light emitting devices.

Here, we present the design, fabrication, simulation, and
performance of a new electrical-pumped OLED, PlaCSH-
OLED. The new OLEDs use the plasmonic cavity having deep
subwavelength nanostructures that have not been studied
before; as a consequence it is able to significantly enhance
all the above factors important to display at the same time
with unprecedented performances. Namely, the new OLEDs
enhance both the light extraction and constrast without sacri-
fying image sharpness, drastcially different from the conven-
tional LEDs which enhance the light extraction while sacrifying
the contrast and image sharpness, or enhance the contrast
while scarifying luminance. The work also provides the first
direct experimental proof that a plasmonic nanocavity is excel-
lent in both light radiation and absorption, at the same time,
for the same wavelength, over a broad bandwidth, and nearly
for all incident angles and polarizations (namely, omni radia-
tion/acceptance enhancement).

2. PlaCSH-OLED Structure, Principle, and Design

The PlaCSH-OLED has a novel subwavelength plasmonic
nanocavity, PlaCSH, that comprises a top light-transmis-
sive metallic-mesh electrode with subwavelength hole-array
(MESH) as one of two cladding layers of the plasmonic cavity, a
planar opaque metallic back electrode as another cladding layer,
and in between light emitting materials. The cavity length,
defined as the light emitting material thickness, is less than
a half of the emission wavelength. The MESH also plays the
role of replacing the conventional (indium-tin-oxide) ITO front
transparent electrode. In PlaCSH-OLED operation, holes and
electrons are supplied by the MESH electrode and the Al back
electrode, respectively; and are recombined in the light emitting
materials to generate photons (light). In this work, the PlaCSH-
OLEDs were fabricated face-down with MESH next to the sub-
strate through which the light comes out.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In an optimized PlaCSH-OLEDs fabricated, the MESH
is 15-nm-thick Au mesh with a 200 nm period hole array of
180 nm hole diameter and an AuOx atomic layer on its surface;
the back electrode is 0.3 nm thick LiF and 100 nm thick Al films;
and the light emitting materials comprise 80 nm thick green
phosphorescent host-guest materials of 4,4’,4”-tris(carbazol-
9-yl) triphenylamine (TCTA) as the hole transporting material,
and 4,7-diphenyl-1,10-phenanthroline (BPhen) as the elec-
tron transporting material; both are uniformly doped with a
phosphorescent guest, fac-tris(2-phenylpyridine) iridium(III)
[Ir(ppy)s] (Figure 1). The PlaCSH-LED’s total thickness without
a substrate is 195 nm.

With the phosphorescent guest Ir(ppy)s;, both the singlet
and triplet states are used for light emitting,['! thus the internal
quantum efficiency is high and estimated to be ~ 92% for our
devices (see later). The light emitting materials have a lumi-
nescence peak at 520 nm and an index of 1.65-1.70. The sub-
strate used is a 1.46 index fused-silica. The 200 nm period of
the MESH, which is less than the peak wavelength in the light
emission material (A/n = 306 nm), matches well with the sur-
face plasmon wavelength in the plasmonic cavity (an over-sim-
plified model: A=A/\/e.€,/(e, +€,), which gives =200 nm
for A9 = 520 nm light at the Au and active layer interface, which
has a permittivity of &, and &,). To reduce non-radiative loss
(e.g., Joule loss) in MESH, both the thickness and width are
kept in deep subwavelength size (15 nm and 20 nm respec-
tively), but still maintaining a good lateral DC electrical conduc-
tivity. Many of the rules and specific parameters in designing
the PlaCSH-OLED are based on our previous experiments in
PlaCSH-solar cells and related plasmonic nanostructures.*48]

The key functions of the plasmonic nanocavity, PlaCSH,
are to, as shown later, a) drastically enhance the effective light
extraction to outside over broadband and hence EQE; b) sig-
nificantly increase the absorption of the ambient light over a
broad bandwidth and all incident angles and polarizations,
hence leading to a significant enhancement of the contrast and
low-glare; and c) control the far-field radiation patterns, hence
enhancing the viewing angles and brightness.

3. Fabrication

The PlaCSH-OLEDs were fabricated on 4” fused silica sub-
strates (0.5 mm thick) using planar or roll nanoimprint lithog-
raphy (NIL)#*% (Figure 1c). The 4” NIL molds with the mesh
patterns of 200 nm period and different hole sizes over the
entire mold were fabricated using a combination of interference
lithography and then multiple NIL, etching, self-perfection, and
mold duplication**>!! (Note, in some cases, a large-area flexible
roll-to-roll mold (50 cm x 20 cm) was used to fabricate large
area MESHs).

Specifically, the MESHs on the substrates were first fabri-
cated on a substrate by NIL and the deposition and lift-off of
15 nm thick Au, followed by an UV-ozone treatment to form
an atomic thick AuOx on top. Then the layers of 40 nm thick
TCTA and 40 nm thick BPhen, both 2 wt% Ir(ppy); doped, (all
materials are commercial products from Sigma Aldrich, used
as received) were sequentially evaporated thermally onto the
MESH under ~10~ Torr without breaking vacuum. Finally, the

Adv. Funct. Mater. 2014, 24, 6329-6339



'a\
M"h\‘liir’&

www.MaterialsViews.com

www.afm-journal.de

a b
~Cathode Al (100 nm) 256V ®
—— —Buffer Layer LiF (0.5nm) 29eV eV
e L
Phosphorescent —Hole Transport Layer JICTA | [Ir(bpy)1 IERRE
Dyle(dop)ant TCTA (40 nm) ITO Asev
r(ppy)s
—Anode
MESH Au/AuOx (15 nm) 51eV 5.3eV
@t 5.6eV
Au MEsu
6.4 eV
rai
% . Substrate ®
c

l:...........ﬁ-

g ITO-OLED

3 mm

T
ey T@NSparepn: Substrat
Thermal Evaporate 3

PlaCSH-OLED

Figure 1. Organic light emitting diode (OLED) of plasmonic cavity with subwavelength hole-array (PlaCSH). a) Structure schematic: a top (Au)
metallic-mesh electrode with subwavelength hole-array (MESH), a back electrode (LiF/Al), and in between thin layers of green phosphorescent organic
host—guest materials: BPhen and TCTA (both Ir(ppy); doped); b) energy band diagram; c) fabrication process: fabrication of MESH by nanoimprint on a
transparent substrate, deposition of organic active materials, and thermal deposition of LiF and Al electrode; (d) scanning electron micrograph (SEM)
of 15 nm thick Au MESH with a hole array of 200 nm pitch and 180 nm diameter; e) cross-sectional SEM of PlaCSH-OLED (the non-uniformity of Al
layer was created during cleaving the sample for SEM); photographs of (f) green light emission from PlaCSH-OLED and g) ambient light reflection of

reference ITO-OLED (white) and PlaCSH-OLED (dark blue).

LiF (0.5 nm) and Al (100 nm) films were evaporated through a
shadow-mask, which defines the back electrode and hence the
OLED active area (3 mm by 3 mm).

Scanning electron microscopy (SEM) shows that the MESH
indeed has a 200 nm pitch, 180 nm hole diameter, a hole shape
close to square with round corners and smooth edges, and
excellent nanopattern uniformity over large area (Figure 1d). It
also shows that due to a thin thickness of MESH, the organic
films on top have rather smooth surface and cover the MESHs
well without any observable pin-holes (Figure 1e).

For comparison, also fabricated were the references, “ITO-
OLEDs”, which are the same LEDs as the PlaCSH-OLEDs except
that the MESH is replaced by an ITO layer (100 nm thick). The
electrical testing shows that the MESH has a sheet resistance
8 Ohm/sq —20% lower than the ITO layer (10 Ohm/sq).

Adv. Funct. Mater. 2014, 24, 6329-6339
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4. Electroluminescence and Broadband, Omni
Enhancement

The spectra of the front-surface total electroluminescence of
both PlaCSH and ITO-OLEDs were measured as a function of
bias (injection current) using an integrated sphere (Labsphere
LMS-100) and a spectrometer (Horiba Jobin Yvon), and were
calibrated using a lump standard (Labsphere AUX-100). During
the measurements, the backside and the four edges of all the
LEDs were fully covered with black-tapes to ensure the light
emission only from the LEDs’ front surface.

The measured spectra show that the front-surface total elec-
troluminescence (EL) intensity of PlaCSH-OLEDs is much
higher than ITO-OLEDs over the entire measured wave-
length range (480 nm to 640 nm). For example, at 10 mA/cm?
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bandwidth of 61-7 nm (10%) narrower than
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The current density vs voltage (J-V) char-
acteristics were also measured (Figure 2Db).
Compared to ITO-OLEDs, the PlaCSH-
OLEDs, although having a similar turn-on
voltage of 2.4 V @10cd/m? (versus 2.3 V for

External Quantum Efficiency (%)
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ITO-OLEDs), have i) much larger current
increasing slope (i.e., larger differential con-
ductance) and hence a larger current above
the threshold (e.g., 70% larger at 6 V); and
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ii) a smaller leakage current in both forward
and reverse bias (e.g., 10-fold smaller at +2 V
and 1.8-fold smaller for —0.5 V), which are
also smaller than the OLED for the same
material system reported previously.”*

The high current in PlaCSH-OLEDs is
attributed to hole-injection-barrier height

T
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Current Density (mA/cmz)

Figure 2. Measured electro-luminance (EL), J-V, Luminous Emittance and EQE of PlaCSH-
LEDs and ITO-LEDs. a) Total front-surface EL/enhancement spectrum at 10 mA/cm? current
density, b) current density vs voltage (J-V), ¢) luminous emittance vs current density, d) EQE
vs voltage, and EQE vs current density e) without and f) with glass half-sphere. Compared to
ITO-LEDs, PlaCSH-LEDs has an EL peak of 1.69-fold higher and 3 nm blue shift, and an EQE (at
10mA/cm?) of 29.1% and 54.5% for without and with the glass half-sphere, both are 1.57-fold

higher than ITO-OLEDs (18.5% and 35%).

current density, the PlaCSH-OLED’s EL has the maximum
of 1 x 10™* W/(nm cm)? at 517 nm wavelength and a total of
6.7 x 10 W/cm? integrated over the entire measured spec-
trum, which is 1.69- and 1.57-fold higher than ITO-OLEDs
(0.6 x 10™* W/(nm cm)? and 4.3 x 1073 W/cm?), respectively
(Figure 2).

The measurements also clearly show that the EL enhance-
ment by PlaCSH (i.e., the ratio of the spectrum of PlaCSH to
ITO OLEDs) is broadband: nearly constant (within £8%) over
the entire 160 nm measured wavelength range. However, the
actual PlaCSH’s enhancement bandwidth should be much
wider, since the EL measurement is limited by the bandwidth
of the emission material. A linear superposition analysis would
easily prove that the near constant enhancement over a broad
wavelength band means that the radiation enhancement is
nearly independent of the wavelength, radiation angle, and
polarization of the original radiation inside the PlaCSH, namely
“omni radiation enhancement”.

The PlaCSH-OLED’s EL spectrum has the peak at 517 nm
to 3 nm blue shifted from ITO-OLED (520 nm peak), and a
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lowering by the AuOx electrode layer over
an ITO layer. The less leakage current in
the PlaCSH-OLEDs than the ITO-OLEDs
is attributed to less pinholes in the organic
material layers that cover the MESH (as indi-
cated in our SEM inspection).’?

Using the measured EL spectra-vs-bias
and J-V, we obtained the light luminous
emittance vs the injection current (L-]) or
the bias (L-V), by integrating the EL spectra
for a given current or bias with the eye’s luminosity function
as the weight and dividing the device area (Figure 2c,d). The
I-] shows that PlaCSH-OLEDs have much higher luminous
emittance than ITO-OLED, reaching 34 000 lux (=lm/m?) at
10 mA/cm? and a maximum of 170 000 lux at 75 mA/cm?,
which is 1.56- and 1.62-fold higher than that for ITO-OLEDs
(22 000 lux and 105 000 lux).

100

6. External Quantum Efficiency and Power
Efficiency Enhancement

The front-surface external quantum efficiency (EQEs) as a func-
tion of bias voltage or injection current were obtained from the
measured EL spectra-vs-bias and -V (Figure 2e,f). At the injec-
tion current range from 1 mA/cm? to 100 mA/cm?, the PlaCSH-
OLED has an EQE of a maximum of 29.1% (at 10 mA/cm?
(4.8 V))—1.57-fold higher, and an average of 25%—1.6-fold
higher than ITO-OLED (a max EQE of 18.5% and an average
of 15.6%). The enhancement in EQE by PlaCSH is the same as

Adv. Funct. Mater. 2014, 24, 6329-6339
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Table 1. Radiation Properties of PlaCSH-OLED and ITO-OLED

www.afm-journal.de

EQE? EQE? Maximum Power ~ Normal Direction  Viewing Angle Central Bandwidth Light Extraction Efficiency
(with HS) Efficiency Brightness? Wavelength (LEE)
[%] [%] [Im/wW] [cd/m?] ] [nm] [nm] without HS with HS
[%] 1%]
ITO-OLED 18.5 35.0 107 7300 118 520 68 20 38
PlaCSH-OLED 29.1 54.5 150 13000 100 517 61 32 60
Enhancement [%] 57 56 40 78 — — — 57 56

3Under current density of 10 mA/cm?.

that in EL, indicating again that the enhancement by PlaCSH is
broadband and nearly independent of wavelength and polariza-
tion over the EL spectrum. The EQE is, to our best knowledge,
the highest for the OLEDs on 1.46 index glass substrate without
a lens and for any substrates when the index is scaled.

To release the light trapped in the planar fused-silica substrate,
an uncoated half-sphere (HS) (B270 glass of 1.51 index which is
slightly higher than the substrate) was placed on the substrate
surface opposite to the LEDs with a thin matching liquid layer
(an index identical to the substrate) in between. The HS has a
10 cm diameter, much larger than the LED’s size (3 mm), and
the LEDs were placed at the HS’s focal point. With the HS, the
measured maximum EQE is increased to 54.5% from 29.1%
for PlaCSH-OLED, and 35% from 18.5% for ITO-OLED. The
increase is 1.87- and 1.89-fold for each type of LEDs, respectively,
which is essentially the same (Figure 2g and Table 1). The meas-
ured EQE can be further increased by having a higher internal
quantum efficiency and better index matching between the HS
and the substrate (e.g., the current EQE for PlaCSH-OLEDs can
become 84% for 100% IQE and a perfect index matching).

The maximum wall-plug power efficiency is 80/150 lm/W
for PlaCSH-OLEDs without/with a lens, which is =1.43-fold
higher than ITO-OLEDs (56/106 lm/W). The power efficiency
can be significantly increased by, in addition to increasing EQE,
lowering turn-on voltage.

7. Internal Quantum Efficiency and Light
Extraction Efficiency Enhancement

For the ITO-OLEDs, light extraction efficiency (1), obtained
from the well-tested ray-optics model, is 20%;% thus giving the
internal quantum efficiency (IQE) for our LEDs of 92%, since
the measured EQE is 18.5% and IQE = EQE/Ncy-

For PlaCSH-OLEDs, the Purcell effect in light radiation
enhancement should be small, because the IQE without
PlaCSH is already 92%. We lump the Purcell effect into the
Nextr in the equation of IQE = EQE/ N, Based on the measured
EQEs and the estimated IQE, the effective light extraction effi-
ciency of PlaCSH-OLEDs is 32% and 60%, respectively without
and with HS. They are 1.57-fold higher than ITO-OLED (20%
and 38%), and are the highest of light extraction reported for
index 1.46 glass substrate and any substrate when the index
is scaled.*>! If an index perfectly matched and lossless lens is
used, the estimated light extraction efficiency for the ITO-OLED
and PlaCSH-OLED on 1.46 index substrate will be increased to
54% and 84% (Table 1).

Adv. Funct. Mater. 2014, 24, 6329-6339
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8. Angular Dependence of EL, Spectra, and
Luminance (Brightness)

The angular dependences of EL spectra of all LED types were
measured using a rotation stage, a collimation lens and a pho-
todetector. The lens with 5 mm diameter was 5 cm away from
the LEDs, thus having a 0.008 sr acceptance angle. By inte-
grating the EL spectra over the wavelength with the luminosity
function as the weight and dividing it by the acceptance solid
angle and the device area, the luminance versus emission angle
was obtained (Figure 3, 4), which shows several things particu-
larly interesting.

First, in the ITO-LEDs, the luminance angle distribution is
nearly independent of the cavity length and has a viewing angle
fixed at ~120°, as expected, since the conventional LED’s emis-
sion angle distribution is always close to the Lambertian.*!!
But for PlaCSH-OLED, the angle distribution and hence the
viewing angle, strongly depend on the cavity length: it can
be either narrower or wider than the Lambertian (Figure 3).
Specifically, using 80 and 120 nm cavity length, the PlaCSH-
OLED’s viewing angle is 100° and 138°, respectively, =17%
narrower and wider than the ITO-OLED’s of the same cavity
length, giving a total viewing angle tunability of 38°; while the
ITO-OLED viewing angle is 118° and 122°, only having 4° tun-
ability. The viewing angle tunability per cavity length change
in the current PlaCSH-LED is 1°/nm. The narrower (wider)
viewing angle means higher (less) percentage of light in the
normal forward direction.

Second, the measured EL spectra of PlaCSH-OLED show
being independent of the emission angle, namely, uniform
color over angle (COA), highly desired in displays, just as ITO-
OLED (Figure 4). Again, the uniform COA provides another
experimental evidence of the omni radiation enhancement
nature of PlaCSH. In previous light extraction enhancement
approaches of replacing the ITO electrode with thin metal
film(s) (e.g., dielectric-metal-dielectric (DMD) layers) or using
dielectric resonant cavities, the LEDs have a poor COA.I*”] This
indicates again that the PlaCSH is a fundamentally different
type of cavity and is based on a different physical principle from
previous approaches.

Third, while ITO-OLEDs having a Lambertian light emission
distribution and hence an angle independent luminance (i.e.,
brightness), the luminance of the PlaCSH-OLED can become
angle dependent. For the 80 nm cavity length PlaCSH-OLED
(having 100° viewing angle), the luminance at the normal angle
(which is the most relevant angle to the displays for hand-held
devices) is 13 000 cd/m? at 10 mA/cm? and 65 000 cd/m? at
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a only much higher (lower) than ITO-OLEDs;
8 10, 0 —9@— PlaCSH-OLED (80 nm) but more importantly, it is broadband, and
§ 081 ::: E%CSEE(SL(ESS%O nm) nearly angle and polarization independent
I= —=— |TO-OLED (120 nm) up to 30° and afterward a dependence far less
3 06+ €0 than that predicted by Fresnel's law (which is
32 04 termed “Omni acceptance”), making it have
N far less glare and higher contrast.
g 0.2 Specifically, the ambient light reflectance
g 0.0- -90 90 spectra of OLEDs measured at normal inci-
dent and 300 to 900 nm wavelength range
show 1) the PlaCSH-OLEDs have a minimum
b reflectance of 8.3% at 720 nm wavelength, an
> 107 —0—EXP: PlaCSH-OLED (80 nm)  average of 26%, and luminous reflectance of
2 s TETEXP: PlaCSH-OLED (120 nm) 9594 (average over the luminosity function
[0] O—SIM: PlaCSH-OLED (80 nm) . .
- —O—SIM: PlaCSH-OLED (120 nm) and CIE standard illuminant D65, see below),
5 0.6 60 which is, respectively, 5.6-, 2.8-, and 2.7-
_g 0.4- fold smaller than that of the ITO-OLEDs (a
® minimum reflectance of 45% at 450 nm, an
g 0.27 average of 70%, and a luminous reflectance
Z 0.0- 90 e 90 of 67%) (Figure 5a); and 2) the bandwidth
Angle (deg) for the low ambient light reflection (high
c absorption) is 400 nm for PlaCSH-OLEDs
140 |- —=—EXP: ITO-OLED ~4.4-fold wider than 90 nm for ITO-OLEDs.
. :_ gl)l(\;la :ITS-COSL?S LED The ambient light absorption/reflection prop-
05 130 L ~<-- SIM: PlaCSH-OLED erties are also clearly seen in the photographs
5 of the PlaCSH and ITO-OLEDs taken at
S %7 normal direction under white light (Figure 1).
o 1200 A The luminous reflectance in the paper was
§ ''''''''' calculated by:
g 1of .
V(A)S(A)R(A)dA
N o v @sRG)
T Ldv(z)s(z)da

80 90 100 110 120
Cavity Length (nm)

Figure 3. Angular distribution of electro-luminance (EL) of PlaCSH-OLED and ITO-OLEDs with
various cavity lengths (80 nm and 120 nm). a) Normalized luminance vs angle, b) comparison
of measurements with FDTD simulations, and c¢) measured and simulated viewing angle vs
cavity length. Experiments show that when the cavity length is changed from 80 to 120 nm,
the viewing angle is virtually fixed (120°) for ITO-OLED, but for PlaCSH-OLEDs it is changed
drastically from 100° to 138° with =1°/nm tunability (viewing angle/cavity length change). The

simulations fit experiments within 5%.

75 mA/cm?, which is 1.78- and 1.86-fold brighter than the ITO-
OLED (7300 cd/m? and 35 000 cd/m?) (Figure 4a,b). These
enhancements come from 1.57-fold higher light extraction
(hence EQE) and 1.17-fold viewing angle narrowing (more light
in the forwarding direction).

9. Broad Band, High, Omni Absorption (Low
Reflection) to Ambient Light

The absorptions (reflections) of ambient light by the LEDs
were measured with a white light source as well as the light
standard, collimation optic, and spectrometer similar to the
previously described. A striking feature of PlaCSH-OLEDs is
that the absorption (hence reflection) to ambient light is not

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

where V(A) is the standard photonic curve
(eye’s luminosity function), S(A) is the CIE
standard illuminant D65, R(A) is the reflec-
tive spectrum, A, and A, are chosen as 450
and 750 nm.

The ambient light luminous reflectances
of OLEDs measured at different angle and
polarization show that the luminous reflec-
tances of the PlaCSH-OLEDs are not only
much smaller than the ITO-OLEDs, but
more importantly, they do not follow Fresnel's law as ITO-
OLEDs. Specifically, for the PlaCSH-OLEDs, the s-polarization
reflectance is nearly constant at 27% for 0° to 60° angle and
then is increased to 37% at 75° and the p-polarization reflec-
tance is nearly constant at 27% for 0° to 30° angle, then drops
with angle, reaching a minimum of 5% at 60° and 10% at 75°
(Figure 5b). The s and p-polarization reflectance of PlaCSH-
OLED at 60° angle is 3.1- and 5.8-fold less than ITO-OLED
(27%:83%, 5%:29%), respectively; and is 2.5 and 3.1-fold less
(37%:91%, 12%:37%) at 75° angle. The broadband, Omni high
ambient light absorption (low reflection) of PlaCSH-OLEDs
also can be seen in the 2D plots of the reflection as a func-
tion of both angle and polarization (Figure 5c—f). The ambient
light absorption properties of PlaCSH-OLEDs are similar to the
PlaCSH-solar cells that we reported previously.[*’]
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ContraSt = (Lon + Lambient X RL )/(Loff + Lambiem X RL)

where Ly, and Ly is the luminance of the
“on” and “off” state, respectively; L.npient 1S
the ambient luminance; and Ry is the lumi-
nous reflectance.

From the experiments, we found that, for
an ambient luminance range of 0 to 10,000
lux, and a current density range of 1 to
100 mA/cm?, the contrast (average all polari-
zations) of PlaCSH-OLED is higher than the
ITO-OLED by 4-5-fold for normal incident
ambient light, and 3-5-fold for non-normal
angle angles (Figure 6 and Table 2).

For example, at the current 10 mA/cm?,
the PlaCSH-OLED has a contrast at 0° angle
of 2,300, 330 and 34 respectively for an
ambient luminance of 140 lux (typical, family
living room), 1000 lux (high, over cast day),
and 10 000 lux (full daylight), respectively,
all of them are 4-5 times higher than the
ITO-OLED (490, 69 and 8). At the current
75 mA/cm?, the contrasts of PlaCSH-OLED
are further enhanced to 12 000, 1600, and 160
for these three typical ambient luminances
(Table 2). For different current (1, 10, and
100 mA/cm?), the contrast of PlaCSH-OLED
at 0° angle and 140 lux ambient luminance
is 222, 2300, and 11 324, which is also =five-
fold higher than ITO-OLED (48, 490, and
2102) (Figure 6b). For a different angle of 0°,
30°, 60°, and 75° and at 10 mA/cm? current
and 140 lux ambient light, the contrast of
PlaCSH-OLED reaches 2300, 1523, 1483 and
300, respectively which is 4.7-, 3.5-, 5.1-, and
3.3-fold higher than ITO-OLED (490, 436,

10. Omni Radiation and Absorption
Enhancement, EQE-Absorptance Product

In the experiments described above, the enhancement of light
radiation and absorption by PlaCSH were measured separately
and independently, hence they provide the first direct experi-
mental proof that the plasmonic nanocavity, PlaCSH-OLED,
is excellent in both light radiation and absorption over broad
wavelength band and nearly independent of incident angle
and polarization (omni radiation/acceptance enhancement)
(e.g., both excellent optical antenna and optical absorber). The
product of LED’s EQE and ambient-light-absorptance (EQE-A),
a key figure of merit to a display, is 0.21 (29% x 74%) and 0.41
(55% x 74%) for the PlaCSH-OLEDs without or with a lens,
which is at least threefold higher than all previous LEDs.[”33]

11. High Contrast of PlaCSH-OLED

The high light extraction and low ambient light reflection of
PlaCSH-OLED lead to a significant enhancement of the con-
trast, which is defined as:

Adv. Funct. Mater. 2014, 24, 6329-6339
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291, and 90). The fivefold higher contrast in

PlaCSH-OLEDs comes from the threefold in
the lower reflection and the 1.6-fold in the higher EQE/light
extraction. The PlaCSH-OLED’s ambient light absorption and
contrast are also, based our simulations, many times better
than OLED structures with the dielectric/metal/dielectric front
electrode (Ta,O5 (70 nm)/Au (18 nm)/MoOj; (1 nm)) and an Al
back electrode.

12. Simulations and Origin of Enhancements

Using a commercial finite-difference time-domain solver and
the geometries, structures and indices of the LEDs from the
experiments (except the light emitting material's index has
only the real part and hence no absorption), we simulated
the PlaCSH-OLED’s radiation properties by putting electrical
dipole oscillators inside the LEDs, and the absorption proper-
ties by sending a plane wave toward the LEDs. The simulated
cavity length effects on the OLED’s light radiation angle distri-
butions (therefore the viewing angles) are consistent with the
experiments within 5% (Figure 3b,c), hence indicating the sim-
ulation meaningful.
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SPP of the cavity (the SPP wavelength being
determined by the MESH period); b) the SPP
in the MESH is localized around the dipole,
since not all metal structures but 10-12
periods have a high electrical field; c) the far-
field average electric field is relative insensi-
tive to the dipole’s locations, indicating again
the dipole radiation being coupled into the
SPP; and d) the 80 nm cavity length has
much stronger radiation to outside than the
300 nm cavity length, indicating strong cou-
pling with a subwavelength cavity length is
essential to good light extraction.

For the absorption properties, the simula-
tions further show the PlaCSH is an excel-
lent light absorber: absorbing the light from
outside into the PlaCSH cavity efficiently—
another key feature of an excellent optical
antenna. Particularly, the simulations show
a) the ITO-OLED reflects backward the most
of the incident light (plane wave) and has
only a small portion entered inside the cavity,
but the PlaCSH-OLED has most of the inci-
dent light entered and trapped inside the
cavity and has a very small reflection, even
though the PlaCSH has the identical reflec-
tive metal backplane; and b) the electric field
is uniform in lateral direction (x-direction) in
ITO-OLED, but modulated (with the same
periodicity as MESH) in PlaCSH-OLED, indi-
cating also the generation of SPP in PlaCSH.
The simulations confirm that PlaCSH can
be a good light radiator and absorber at the
same time.

The PlaCSH-OLED’s radiation and absorp-
tion behaviors were also simulated in other
wavelengths (from 480 to 640 nm range),
and were found to be nearly independent of
the wavelength, hence broadband.

Figure 7 shows the simulated radiation of one single
dipole (49 = 520 nm) positioned in the middle plane of the
light emitting material layer and at a point that is under the
middle of either an open-hole or a metal wire of the MESH.
The simulations clearly show that the origin of the unique
properties of PlaCSH-LEDs (enhancements in LED’s light
extraction, low-glare, contrast, viewing angle, and brightness)
is the localized surface plasmon-polaritons (SPP) generated
in PlaCSH.

The simulations show that the PlaCSH is an excellent optical
antenna, which radiates the light inside the cavity to outside
efficiently (Figure 7). Particularly, the simulations show a)
unlike the electric field in ITO-OLED which decays monotoni-
cally with the distance (as expected for a dipole radiation), the
electric field in PlaCSH-OLED is strongly modulated by the
periodic metallic nanostructures of MESH, which have much
higher electric field near the metal parts than the hole regions
of MESH, indicating the dipole radiation being coupled into the

wileyonlinelibrary.com
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13. Further Discussions

From the experiments and simulations reported here, it
becomes clear that the unique advantages of PlaCSH-OLEDs
are due to the unique properties of the PlaCSH structure over
other existing LED structures. As pointed out before, pre-
vious LED structures (non-resonant cavity structure) cannot
be a good light radiator and absorber at the same time; and
dielectric resonant-cavity LEDs can be a good light radiator
and absorber only in a few nanometer wavelength range and
in a particular direction; hence, incapable of enhancing all
the critical factors for display applications. On the other hand,
PlaCSH is an excellent optical antenna: excellent light radiator
and absorber over broad wavelength band and for nearly all
light incident angles and polarizations, leading to the enhance-
ments of all critical factors of displays. Such unique properties
are due to surface plasmonic polariton generation, the lateral
plasmonic momentum fixed by the periodic structure, and the

Adv. Funct. Mater. 2014, 24, 6329-6339
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nanocavity, termed “plasmonic cavity with
subwavelength hole-array” (PlaCSH), which
exhibits the unique properties of being excel-
lent in both light radiation and absorption
over broadband (e.g., excellent broad-band
optical antenna and optical absorber at the
same time), leading to significant enhance-
ment of all the important factors for above
LED displays with unprecedented perfor-
mances. Compared to the conventional
OLEDs (the same but without PlaCSH),
PlaCSH-OLEDs achieved experimentally:
i) 1.57-fold higher front-surface external
quantum efficiency and light extraction effi-
ciency (29% and 32% without lens, 55% and
60% with lens)—among the highest reported;
ii) ambient light absorption not only 2.5-fold
higher (92% max, 74% average), but also
broad-band (400 nm) and nearly angle and
polarization independent up to 30° and then
much smaller changes than Fresnels law,
leading to lower glare; iii) a contrast of five-
fold higher (12 000, 1600, and 160 for 140,
1000 and 10 000 lux ambient light) and the
highest EQE-absorption-product over pre-
vious LEDs; iv) a viewing angle tunable by the

higher than ITO-OLED.

wavelength dependence of the metal permittivity (to be detailed
elsewhere).

Moreover, another important advantage of PlaCSH is that
it has a very simple structure to fabrication, which will greatly
reduce the manufacturing cost and increase the yield. In addi-
tion, because of replacing the ITO electrode with MESH and
having a total thickness less than 200 nm, PlaCSH-OLEDs
are very flexible and ductile, and can be potentially made into
a fiber form.”) PlaCSH-OLEDs have already being fabricated
by low-cost nanopatterning, nanoimprint to large area (up to
1000 cm?), hence scalable to wallpaper size. With improve-
ments in materials, structures, or substrate index, the above
PlaCSH-OLED’s performances can be further improved. The
designs, fabrications, and findings are applicable to the LEDs
in other materials (organic or inorganic) and on other thin sub-
strates (plastics or glasses), thus opening up new avenues to
future high efficiency, high contrast OLEDs and displays.

14. Conclusion

In the work, we proposed and experimentally demonstrated
a new organic LED structure that has a novel plasmonic

Table 2. Contrast of PlaCSH-OLED and ITO-OLED

cavity length—either narrower or wider than

Lambertian (38° tunability demonstrated); v)
1.86-fold higher normal-view brightness (65 000 cd/m? lumi-
nance at 75 mA/cm?); vi) 8 Ohm/sq sheet-resistance —20%
lower; and vii) uniform color over all emission angles. There-
fore, PlaCSH LED is an excellent optical antenna—excellent in
both radiation and absorption of light, leading to significantly
enhancement of the light extraction, constrast, brightness, and
low-glare without sacrifying image sharpness, and drastically
different from the conventional LEDs which enhance the light
extraction while sacrifying the contrast and image sharpness, or
enhance the contrast while scarifying luminance. Furthermore,
PlaCSH-OLEDs, a simple structure to fabricate, were fabricated
using nanoimprint over large area (up to 1000 cm?), hence scal-
able to wallpaper size. PlaCSH-OLED’s performances can be
further improved with optimized structures and materials. The
work opens up many new opportunities in high-performance
LEDs and displays.
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bold line is the boundary of devices and substrate.
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