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Nanoslot metasurface design
and characterization for enhanced
organic light-emitting diodes

Kyungnam Kang?, Seongmin Im?, Changhun Lee?, Jungho Kim? & Donghyun Kim***

We investigate bottom-emitting organic light-emitting diodes (B-OLEDs) integrated with metasurface
(MS) to analyze the effect of the structural parameters on the output performance. The performance
of the MS-integrated B-OLED (MIB-OLED) is evaluated by out-coupling efficiency (OCE) and reflection
of the ambient light, while attention is paid mainly to dielectric capping and metal structure of MS
that may influence excitation of surface plasmon (SP). The results suggest that layer thicknesses
affect the performance by as much as 10% for the OCE and up to 32% for reflectance. The OCE is in
general weakly affected by the structural parameters of MS. In contrast, the reflectance characteristics
are found to be dominated by localized SP that is largely determined by the length and the width

of a unit slot of MS. An optimization factor introduced to evaluate the performance based on out-
coupling power to the radiation mode and reflectance of MIB-OLEDs confirms that integration with
MS improves performance by 16% over conventional planar structure. In particular, MIB-OLED is
found to enhance OCE by 51% with Lambertian-like pattern. Enhanced performance is experimentally
confirmed. The findings provide insights on how to optimize the MS structure to produce MIB-OLEDs
with enhanced out-coupled power and contrast ratio.

Organic light-emitting diodes (OLEDs) now account for a significant market share of the display industry in
high-end applications such as foldable and flexible smartphones, TVs, and other display devices. This is because
OLEDs exhibit many advantages, e.g., light weight, wide color gamut, good flexibility, short response time, and
true black state'>. However, there exists a trade-off between light extraction enhancement and retainment of
low reflectance of ambient light: in more detail, since OLEDs are composed of multiple films sandwiched by the
top and the bottom metallic mirrors with thickness on the order of nanometers, the light-emitting power can
be enhanced by the micro-cavity effect®®. On the other hand, strong reflection from inner metallic electrodes
leads to a very low contrast ratio (CR) in OLEDs under bright ambient light condition. CR may be expressed as

_ Lon + RpLamp

CR= ————
Loﬁ + RpLamp

(1)

where L,, and L,;denote luminance of on- and off-state pixels of OLEDs, respectively, whereas L, is the ambi-
ent luminance®. R}, is the luminous reflectance of OLEDs, given by
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where V(}) represents the eye sensitivity spectrum. R(1) is the reflectance at the OLED surface and S(1) an opti-
cal spectrum of ambient light. Equation (1) implies that reduced R}, would increase contrast. Reflectance R, of
external light may also affect contrast of an image. Therefore, both CR and R}, are important in OLEDs. In order
to diminish the reflection of the ambient light, a circular polarizer composed of a quarter-wavelength plate and
a linear polarizer has been often adopted in OLEDs'*!!. Although a circular polarizer can keep the reflection of
ambient light under 4-6%, it may increase panel thickness thus reduce flexibility and inevitable power absorption
losses bring about more than 50% cutback of the out-coupling efficiency (OCE)?, which represents the efficiency
of extracting photons out of the cavity and is expressed as a ratio of external quantum efficiency (EQE) to internal
quantum efficiency (IQE), i.e., OCE = EQE/IQE.
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For this reason, many researchers have investigated polarizer-free high-contrast OLED structures to replace
circular polarizers with, for instance, absorbing transport layers®'>!3, low reflectance material as an electrode!*™',
black cathodes!’-%, anti-reflection coating?'~?*, neutral-density attenuation filters?*, destructive interference
structures®, and tandem structures*”?. Despite various approaches that have been reported, however, there are
still issues which stem primarily from trade-offs between low reflectance of ambient light and the OCE into the
radiation mode (air mode). Also, the additional layers in the electrically active region often cause an adverse
effect on the electrical properties and lifetime of OLEDs. In addition, previous works have been largely limited
to multiple planar film structures.

Recently, metasurface (MS), which consists of periodic arrays of subwavelength structure and thereby attains
extraordinary photonic properties, has been employed for tuning plasmonic resonances from infrared to vis-
ible regime in applications that include biochemical sensing®~*2, photovoltaic solar cells**, optical imaging®*~,
Raman spectroscopy®’, and color filtering®®-*!. In particular, nearly perfect absorbers in the visible range com-
posed of MS with metallic elements have been developed using colloidally synthesized silver nanocubes*? and
sub-wavelength silver hole arrays*’. Because most designs of MS is based on strong frequency-dependent reso-
nance, spectral characteristics tend to be narrow-banded. Therefore, proposals have been made to broaden the
bandwidth with near-perfect absorption in the visible regime by taking nanocomposite (Au/SiO,)*, phase-change
material*® and metallic mixed-slot arrays*. MS has been also used to enhance light extraction and modulate
the emission pattern of OLEDs*”*. Despite such great potential to absorb light in the visible range, MS has not
been adopted in OLEDs for the replacement of circular polarizers and the effects of geometrical parameters of
MS have not been fully evaluated for OLEDs.

In this paper, therefore, we investigate MS-integrated bottom-emitting OLEDs (MIB-OLEDs) to explore the
effects of various geometrical parameters on the performance measures such as OCE and the luminous reflec-
tance. The MS is designed to consist of sub-wavelength mixed-slot arrays of gold combined with a cathode from
a bottom-emitting OLED (B-OLED). We focus on thicknesses of layers, such as metal of MS and dielectric layer,
which amplify surface plasmon polariton (SPP). We also consider excitation of localized surface plasmon (LSP)
by varying structural parameters of a unit slot. Initially, we address the validity of calculation using finite ele-
ment method (FEM) by comparing with the classical electromagnetic model, then we analyze the OCE and the
luminous reflectance of MIB-OLEDs with respect to the layer thicknesses and other parameters such as length
and width of the unit slot. After all, an optimized structure of MS is proposed for enhanced out-coupling power
to the radiation mode and the CR of an OLED.

Numerical model and method

3D model for MIB-OLED. We use a simple 3D model for a MIB-OLED as illustrated in blue in Fig. 1a.
The MS is based on conventional visible range perfect absorber and consists of a periodic array of unit cells,
which is shown enlarged in the inset: with multiple slots for the MS, the design may take advantage of many
design parameters to optimize LSP absorption spectrum. The MS to absorb ambient light was assumed on a glass
substrate, above which transparent anode of indium tin oxide (ITO) and a thin dielectric layer, called a capping
layer (CPL), are stacked. The CPL is used as an optical functional layer to optimize the OCE or tune the spectral
distributions®. The unit MS cell is a gold layer with eight cut-out slots filled with a dielectric material (n = 1.7),
which is the same as the material of the CPL. Two cut-out slots with an identical width of W and different lengths
of L, and L, are combined together in quadrant sections rotated orthogonally. The period of the unit MS is fixed
at A = 500 nm. For comparison of the optical performances, we have calculated wavelength-dependent spectra
and OCE.

The layer cross-section of a MIB-OLED is illustrated in Fig. 1b, which also shows the cross-section of a
conventional planar B-OLED structure. The planar B-OLED uses 100-nm aluminum as a top cathode, 15-nm
calcium as an electron injecting layer (EIL), 130-nm tris-(8-hydroxyquinoline) aluminum (Alq;) as both the
electron-transport layer (ETL) and emission layer (EML), 20-nm poly(3,4)-ethylendioxythiophene doped with
poly(styrene sulfonate) (PEDOT:PSS) as a hole injection layer (HIL), 50-nm thick ITO as a bottom anode,
1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) as a dielectric CPL (thickness: x nm) on a thick glass
substrate, as shown in Fig. 1b. The refractive indices of the materials used in the B-OLED model were obtained
by ellipsometry or taken from the literature®®*!. For the OCE, simulation was performed at the wavelength of
520 nm which coincides with the photoluminescence peak of Alg;*%. A dipole emitter is isotropic and 50 nm
apart from the Ca layer (EIL) having a §-distributed emission zone based on two-beam interference of micro-
cavity effects for the radiation mode. The thicknesses of ETL and EML were determined to optimize the OCE
in the vicinity of A = 520 nm so as to maximize multiple-beam interference due to micro-cavity effects. For the
MIB-OLED model, a mixed-slot layer was added below CPL (height: y nm). The coupling-power to radiation,
substrate, and waveguide (WG) modes were calculated by surface integration of amplitudes of Poynting vectors
in the domain relevant to each mode, as shown in Fig. 1c—e. The plasmon mode and absorption losses were
calculated by volume integration of power dissipation in the whole OLED device, as shown in Fig. 1f.

The MIB-OLED model is designed to consider the interaction between the top cathode (aluminum) and the
bottom gold MS for leading to improved absorption. The top cathode layer plays the role of an optical mirror to
reflect incident light, while the bottom MS acts as a scatterer causing excitation of surface plasmon (SP) modes.
Two crucial mechanisms that may be involved in resonant transmission are known to be the excitation of SPP
and LSP>***, The formation of SPP modes is attributed to the interference of multiple waves scattered by slot
arrays and depends on the arrangement and thickness of organic and dielectric layers. LSP resonance (LSPR) is
also affected by the shape and the size of the unit slot because LSP modes are generated at the edges of the slot.

The optical properties of MIB-OLEDs were analyzed based on the OCE and the luminous reflectance. IQE
of fluorescent OLEDs limited to 25% due to the use of singlet excitons in the cavity affects the OCE little. To
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Figure 1. (a) 3D schematic illustration of the calculation model with MS integrated B-OLED (MIB-OLED,
MS layer in blue). A dipole emitter is located at the center of the device. Emitted light from the dipole emitter is
directed to the bottom through glass substrate to air ambience. One of the unit cells of the MIB-OLED is shown
enlarged in the inset. Lengths and widths of the eight cut-out slots are indicated to L,, L,, and W (A =500 nm).
(b) 2D layer cross-section of the MIB-OLED vs. conventional planar B-OLED with materials and thicknesses
of the model. The vertical location of the dipole emitter is 50 nm apart from EIL for constructive two-beam
interference of micro-cavity effects. (c—f) Schematic illustration of the surface and the domain used to calculate
the coupling mode power of the B-OLED. The amplitude of Poynting vectors through blue-colored surfaces of
(c) air, (d) substrate, and (e) OLED device represents the power coupled to the air, substrate, and WG modes.
The red arrows represent the direction of Poynting vector in each mode. (f) Plasmon loss is calculated by the
integration of power dissipation in the whole volume of the OLED structure.

increase the CR of OLEDs, the reflectance from the ambient light should be diminished. On the other hand,
the emitted light from dipole emitters needs to be efficiently out-coupled to the radiation mode to achieve high
power efficiency. To achieve an optimum with this consideration, we set two groups of geometrical parameters
for the MS. The first group of parameters concerns the thickness of CPL (dp;) and the gold MS layer (d,) that
are associated primarily with the resonance between the top metal and the bottom gold layer. The other group
is the one consisting of the length of the shorter slot (L,) and the slot width (W) in connection with the effect
of localized fields.

Numerical method. For the 3D calculation in the far-field, finite element method (FEM) was used under
appropriate boundary conditions®-*". FEM has been used to calculate electromagnetic properties of an opti-
cal structure in many studies for the broad applicability and robustness in modeling and is often preferred
over other techniques such as finite difference time domain (FDTD) and discontinuous galerkin time-domain
(DGTD) method because it employs flexible mesh structure with reduced time load. We have used a commercial
software COMSOL Multiphysics with its wave optics module in which Maxwell equations are numerically solved
in small meshes that divide calculation domains. In the calculation of the OCE, a scattering boundary condi-
tion was used at all the outer boundaries of the 3D OLED device to eliminate reflection at the outer boundary.
Although a pixel of OLEDs has a size on the order of tens of micrometers, a square pixel was assumed here to
be 2 um x 2 pm in the lateral plane in order to minimize workstation memory usage. The light emission from
exciton in the EML is modeled as the radiation of a Hertzian point dipole®.

Because plasmonic absorption may increase temperature of OLEDs thus decrease the device lifetime, we
have also analyzed thermal property of MIB-OLED using wave-coupled heat transfer equation®®. The power
dissipation calculated in the optical model was replaced as the heat source term in the heat transfer equation.
Wave-coupled time-dependent heat transfer equation was then solved by FEM to obtain the temperature distribu-
tion in the OLED model. Amplitude of the dipole moment was matched to the emitted normal power intensity
at 30 mW/cm? with B-OLEDs®. For thermal analysis, we used properties of organic materials reported in the
past®’-%3. With external ambient temperature set to be T,,;, = 293.15 K (room temperature), the local temperature

Scientific Reports |

(2021) 11:9232 |

https://doi.org/10.1038/s41598-021-88641-6 nature portfolio



www.nature.com/scientificreports/

of MIB-OLED was found to rise up to T,,,,, = 293.18 K, i.e., the rise of temperature poses an insignificant effect
so as to change the lifetime of OLEDs.

In the calculation of reflectance, periodic structure was modeled with periodic boundary conditions at the
outermost side boundaries. Port boundary conditions were used at the lowermost boundary of the ambience
and at the uppermost of the cathode to model plane waves from an ambient region with normal incidence to the
device. Because thick glass substrate acts as an incoherent layer, coherent calculation results were averaged using
the equispaced thickness method (ETM) with three additional thicknesses of the glass substrate:

A 2/
d =0, dy=—, d3=—,
1 2 61 3 6r1g (3)

where A is the wavelength of the incident ambient light and n, is the refractive index of the glass substrate. The
averaged electric field intensity considering incoherency was obtained by

3
1
E(en ) = 30 [E(onzd)
j=1

> (4)

where E(x, y, z, d;) represents the electric field obtained by the coherent calculation at the x, y, and z position of
the B-OLED structure in the Cartesian coordinates with the j-th thickness of glass substrate using FEM (j = 1, 2,
3). Using the calculated electric field intensities, the spatial distribution of light absorption can be obtained. The
total reflectance of the B-OLED considering incoherency of the glass substrate can then be easily calculated by
Ry, =1— A, where A represents the absorbance of the whole device, because the top metal cathode suppresses
light transmission through the cathode. The accuracy of the ETM was demonstrated in previous studies®*. The
reflectance of thin-film organic solar cells calculated by the ETM with three additional incoherent layers shows
that the deviation from the exact solution can be maintained under 2%%. Although averaging over a larger num-
ber of incoherent layers may enhance the accuracy of the results, we used three incoherent layers to reduce the
calculation time. To calculate the luminous reflectance Rj, D65 (a standard light source) was chosen to be the
ambient light source. The accuracy of FEM is affected by the mesh size, i.e., with a reduced mesh size, accuracy
is improved at the expense of long calculation time and more computational resource. We set the maximum
mesh size to be 60 nm to optimize calculation time and accuracy.

Results and discussion

Effect of layer thicknesses. First of all, power flow and mode analysis of B-OLED have been performed
to validate the reliability of the FEM calculation. The calculated power flows coincide with the general optical
characteristics of OLEDs. Mode analysis of B-OLED also shows overall in excellent agreement between FEM
calculation and point dipole model in the classical electromagnetic theory. For investigation of MIB-OLEDs, two
groups of geometrical parameters of MS were varied: d.p;, and d, related to SPP and L, and W to the excitation
of LSP. In this section, we explore the effect of dp; and dys on the OCE and reflectance.

Out-coupling efficiency. dcp; and dy were varied to understand the resonance effect of the meta-structure on
the out-coupling mechanism. The out-coupling ratios of MIB-OLEDs with respect to d¢p; and d, are presented
in Fig. 2a. The MS composed of two slots has different lengths of L; = 240 nm and L, = 160 nm. The width of a
unit slot Wis set to 110 nm. dp; and d)s were varied from 20 to 100 nm in a step of 10 nm. The CPL is assumed
to be a non-absorbing dielectric layer sandwiched between top and bottom metal layers.

Change in dp; may cause multiple resonances inside the OLED cavity due to the redistribution of photonic
density of states in the quantum mechanical approach® . Because multiple interferences are governed by the
thickness of the dielectric layer between top and bottom metal, an increased thickness leads to the fluctuation
in the OCE. In Fig. 2a, d¢p; increases the OCE up to dcp; = 50 nm, after which the OCE is reduced regardless
of d,s even as the CPL becomes thicker. This is because d.p;, = 50 nm satisfies the condition of constructive
interference. Interestingly, even though the highest out-coupling power ratio from the whole emission power is
obtained at dp; = 50 nm, higher power flow to the air mode can be achieved with dcp; = 60 nm. The parameter
set that leads to an optimum for the OCE and the power flow into the air mode can be disparate, which is why
the whole coupling power to the multiple modes is varied by the way that a dipole emitter is configured, e.g.,
under resonant cavity condition.

On the other hand, the OCE is decreased as d,,s increases. High extinction of gold makes MS actively absorb
emitted light from the emission layer in thick MS. When d)s increases from 20 to 100 nm, therefore, the OCE
falls dramatically below half. Here, we have required d)s > 20 nm because light absorption of ambience through
MS is essential to reduce background noise. In the case of dcp; = 60 nm and d,;s = 20 nm, the OCE reaches a
maximum at 15.9%. In contrast, the minimum OCE was obtained as 6.0% with d-p; = 100 nm and d,;g = 100 nm.

Reflection characteristics. To enhance the CR of OLEDs, reflection caused by the ambient light at the bottom
glass surface should be minimized. The mixed slots tend to act as a perfect absorber of light ambience in the vis-
ible wavelength range. Like the case of the OCE, two different lengths of the unit slot L, and L, are fixed at L, =
240 nm and L, = 160 nm. The slot width W is selected to be 110 nm. The reflectance of light ambience, when the
light is incident along the normal direction toward the glass substrate, was calculated varying dp; and d,. The
range was set equally to the out-coupling calculation between 20 and 100 nm in a step of 10 nm. Calculation of
reflectance was performed in the wavelength range from A, = 400 to A, = 700 nm and converted to the luminous
reflectance Ry, using Eq. (2).
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Figure 2. (a) OCE and the luminous reflectance while the thickness of CPL and MS is varied in the range of
20-100 nm. L, L,, and W are fixed to 240, 160, and 110 nm, respectively. (b) Optimization factor (y) of MIB-
OLED (in blue) and conventional B-OLED (in gray) with respect to the thickness of CPL and MS in the range of
20-100 nm. (c) OCE and the luminous reflectance with respect to L, and W. L, and W are varied, respectively,
in the range of 120-220 nm and 60-110 nm. (d) Optimization factor (y) of the MIB-OLED (in red) and the
conventional B-OLED (in gray). dcp;, dys and L, are fixed at 40, 20, and 240 nm. Due to the lack of MS in
conventional B-OLED, y remains as constant for conventional B-OLED along the d,s axis. Power flow of MIB-
OLEDs: (e) spatial distribution in the zx plane for MS with L, =240 nm, L,=160 nm, W=110 nm, dj;=100 nm,
and dp; =100 nm assuming horizontal dipole emission at y=0. The parameter set is in (a) marked with a green
star symbol. (f) For optimum MS with L, =240 nm, L,=220 nm, W=60 nm, d,;=20 nm, and dp; =40 nm,

as marked in (c) with a red star symbol. (g) Spatial distribution in the xy plane by external light incidence
(A=550 nm) for MS with L, =240 nm, L,=160 nm, W=110 nm, d);s=20 nm, and dp; =100 nm, as marked in
(c) with a blue star symbol, and (h) for the same optimum MS marked with a red star symbol in (c).

Figure 2a shows the luminous reflectance varying d.p; and d. Most notably, thicker MS reduces reflectance
regardless of dp;. Obviously, a thick MS layer of gold increases absorption of light emitted from a dipole emit-
ter and of external light ambience. The reflectance is also reduced when SPP waves are excited. Because the
reflectance characteristics are associated with the interaction between top cathode and bottom MS layers, the
thickness of MS may affect the dielectric layer thickness conditioned for efficient SPP excitation, e.g., with dy
=20 nm, the luminous reflectance (Rj) becomes the lowest at R, = 29.0% at dp;, = 20 nm. When d,;5 > 60 nm,
dcp, corresponding to the minimum Ry, is switched from 20 to 90 or 100 nm. Note that R, is dominated by the
characteristics in the wavelength range of 500-600 nm, in which thicker MS changes the dielectric layer thickness
to maximize absorption caused by the SP mode, related to spectra of eye sensitivity and ambient light. Overall,
the minimum reflectance was obtained as 13.9% at d-p;, = 90 nm and d,;s = 100 nm. The maximum luminous
reflectance was found to reach up to 46.2% with a difference due to the layer thickness measured to be 32.3%.

Optimization of the overall characteristics. In order to find an optimized set of d.p; and d,s based on quantita-
tive evaluation, we have defined an optimization factor (y) as

y = Pra(1 —Rp), (5)

where P,; and R, represent the out-coupled power to the radiation mode and the luminous reflectance. (1 - Rp)
works as the CR. The definition of y reflects the desired qualities of OLEDs for high out-coupled optical power
into the radiation mode and low reflectance of the ambient light and is presented in Fig. 2b.

Figure 2b shows optimization factors of MIB-OLED and conventional B-OLED in meshed surface. y of the
B-OLED does not depend on dy5 (no MS layer) and is affected weakly by dp;. Note that a circular polarizer
adopted to diminish reflectance of ambient light is generally known for good performance of reducing the
reflectance down to R, = 5%. However, light emission from a dipole emitter is also significantly reduced by half
after a circular polarizer, i.e., the overall out-coupled power to the radiation mode falls to 50% and the luminous
reflectance appears only as R, = 5% in the conventional B-OLED. With a B-OLED, y is obtained as y = 14.23
at dcpp = 20 nm. As the CPL is thicker, the optimization factor is decreased with a slope of Ay/Adcp; = — 0.023
nm}, i.e, for an increase of 10 nm in dp;, y is reduced by 1.6% with respect to the peak value. The optimization
factor is finally obtained as 12.39 when dp; = 100 nm. Because the layer thicknesses of a B-OLED are designed
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to maximize the out-coupling power at A = 520 nm, a thicker CPL causes a change of constructive interference
in the OLED cavity, thereby reduces the out-coupled power to the radiation mode. In contrast, y of the MIB-
OLED in Fig. 2b (blue surface) was shown to excel that of B-OLED, i.e., y,,,, = 14.35 when dp; = 40 nm and d
=20 nm. Although this by itself represents enhancement by merely 3.9% over conventional B-OLEDs, further
improvement can be made by optimizing MS structures.

Effect of structural parameters of MS. To achieve further enhancement of OCE and CR, we investigate
the effect of structural parameters. The length of a shorter slot L, and slot width W in the MS were varied, which
influence SP localization. In this analysis, we have set dcp; = 40 nm and d,;5 = 20 nm.

Out-coupling efficiency and reflection characteristics. For simplicity, L, is fixed at 240 nm. L, and W were
changed in the range of L, = 120-220 nm and W = 60-110 nm. In Fig. 2c, OCE reaches the minimum when W
=90 nm. The OCE of the B-OLED tends to slightly increase with longer L, and larger W. This is conceptually
obvious because longer L, and larger W are directly connected with a smaller area of the absorbing metal and
thus higher likelihood of light waves to transmit through MS. However, LSP has a weak effect on the emitted
light from the dipole emitter, therefore the OCE depends only weakly on L, and W. On the other hand, structural
parameters have a more visible effect on the reflectance of the ambient light. With L, = 210 nm, the minimum
reflectance was obtained as 26.1% in the case of W = 70 nm. As L, becomes longer, W corresponding to the
minimum reflectance decreases, i.e., LSP is well excited from the appropriate balance of the slot structure. In
the case of long L, and large W, the reflectance dramatically increases up to 46.4% at L, = 220 nm and W =110
nm. The large area of the slot structure tends to suppress excitation of LSP and causes reflectance of the ambient
light to be high.

Optimization of the overall characteristics. The optimization factor y between B-OLED and MIB-OLED is
described in Fig. 2d. The flat surface in gray presents the optimization factor of the B-OLED at d¢p; = 40 nm. The
optimization factor of a B-OLED was obtained as 13.81 regardless of the parameters with no mixed-slot struc-
ture. In contrast, the optimization factor of a MIB-OLED is much higher than that of B-OLED for the majority of
the combinations of L, and W, mostly for those with L, < 190 nm and W < 100 nm. The maximum was achieved
aS Ypax = 16.02 when L, = 220 nm and W = 60 nm, i.e. the enhancement associated with MS reaches 16% (=
16.02/13.81), compared to the conventional B-OLED. These structural parameters produce an OCE of 15.6%
and reflectance at 26.9% and the OCE shows enhancement by 51% (= 15.6/10.3).

The enhancement achieved by optimization of MS can be better understood from spatial distribution of power
flow shown in Fig. 2e-h. The distribution in the cross-section (zx plane) shows that sub-optimal thick MS in
Fig. 2e [green star symbol in Fig. 2a] absorbs light emission and decreases OCE to 6.03%. In contrast, Figure 2f
presents the power flow with optimal MS corresponding to the case of red star symbol in Fig. 2¢, in which light
emitted from a dipole is efficiently coupled to MS without significant absorption and thus improves the OCE. The
power distribution in the horizontal (xy) plane for external light incidence at A = 550 nm is shown in Fig. 2g,h.
In Fig. 2g with sub-optimal MS which corresponds to blue star symbol in Fig. 2a, we observe extremely weak
light localization, which causes coupling of light to the cavity to be difficult and thereby reflectance to increase.
On the other hand, we can clearly see efficient localization of light using optimum MS in Fig. 2h [red star sym-
bol in Fig. 2c], which tends to reduce reflectance. Enhanced emission of light in OLED connected with efficient
plasmonic localization is in good agreement with experimental data®”,

One may wonder about the performance on flexible substrates such as polyimide (1 = 1.75). When the MIB-
OLED corresponding to red star symbol in Fig. 2c has the substrate replaced with polyimide, OCE was improved
to 17.8%. This is because an increase of substrate index reduces index mismatch between substrate and organic
layers. This causes light to be trapped less in organic layers under total internal reflection and results in higher
OCE. On the other hand, reflectance increases slightly to 28.5% on polyimide substrate. Flexible substrates may
also have finite surface curvature, which indices more diffusive emission with larger etendue. Because SPP exci-
tation and LSP absorption spectrum on a curved surface tend to broaden at the expense of poorer contrast®, it
may be presumed that OCE would improve with an increase of reflectance on flexible substrates for a range of
surface curvature.

While the enhancement in itself represents significant performance improvement of a MIB-OLED, we empha-
size that the optimization was not performed in the full parameter space to save computation resource and
shorten the calculation time. Therefore, we expect further enhancement to be made with more efficient optimi-
zation algorithms based, for example, on machine learning techniques to scan the complete parameters spaces.

Angular distribution characteristics. ~Angular emission distribution of MIB-OLED is calculated comparing to
one of conventional planar B-OLED. We choose the MIB-OLED which has optimized structural parameters
corresponding to the case of red star symbol in Fig. 2c. Angular emission distribution is obtained by combining
means of FEM which calculates power flow on the top surface of glass substrate with analytical method which
considers the multiple reflection within glass substrate and angle conversion from glass substrate to ambient
region. Reliability of combined FEM with analytical method is validated by the calculated result of angular emis-
sion distribution of planar B-OLED using generalized Fabry-Pérot model*.

Figures 3a—c show the normalized angular emission distribution of MIB-OLED (red line with square symbol)
and planar B-OLED (cyan line with triangle symbol) with different dipole orientations along the horizontal
x and y-axis, and vertical axis of z. The angular emission characteristics demonstrate that horizontally-ori-
ented dipole emitters generate strong forward-directional emission especially along the x-direction (Px). For
organic materials that may be better modeled with randomly oriented dipoles, angular optical characterisitcs
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Figure 3. (a) Normalized angular emission characteristics of MIB-OLED and planar B-OLED with dipole
emitters horizontally aligned to (a) x-axis (Px) and (b) y-axis (Py), and that are vertically aligned along the (c)
z-axis (Pz). The coordinate orientation is given in Fig. 2e,g. (d) Angular emission characteristics of MIB-OLED
and planar B-OLED normalized by the maximum value of MIB-OLED with isotropic dipole orientation (Pxyz).
(e) Enhancement of out-coupled intensity of MIB-OLED in reference to that of planar B-OLED with respect to
the emission angle. Dotted line in red indicates where out-coupled intensity of MIB-OLED and planar B-OLED
are equal. (f) Normalized angular emission characteristics of MIB-OLED and planar B-OLED with isotropic
dipole orientation in comparison with a Lambertian pattern. Spatial distribution of time-averaged power with
respect to the dipole emitter orientation: (g-i) MIB-OLED and (j-1) planar B-OLED in the zx plane. Red arrows
indicate spatial distribution of time-averaged Poynting vectors on the top surface of a glass substrate.

are now averaged with dipole emitters oriented along x, y, and z axes. Figure 3d shows the angular emis-
sion characteristics of MIB-OLED and planar B-OLED when l]\i/lght intensity is normalized by the maximum
of MIB-OLED, i.e., Inis—0LED (9)/1%}‘};70&1) vs. Ip_oLED (9)/IM%{OLED. With an enhancement E defined as
E©®) & Inig—orep(0)/Ip—orep(0), E(0) exceeds unity for an angular range |#]| < 46° with a maximum at 1.58-
fold at an emission angle of 0°. As shown in Fig. 3e, the enhancement gradually decreases with an increase of
the emission angle.

We can also define a viewing angle as the angle position where the intensity of MIB-OLED and B-OLED
reaches the half of the respective maximum intensity. When compared with the standard Lambertian emission
distribution as shown in Fig. 3f, MIB-OLED shows stronger forward directional emission with a viewing angle
of 101° which is narrower than 122° of planar B-OLED. As a result, out-coupled emission of MIB-OLED much
better approximates the emission from a Lambertian plane light source which is desired for light emitting source.

On the other hand, Figure 3g-1show spatial power distribution of MIB-OLED and planar B-OLED in the zx
plane with respect to dipole orientations when time-averaged Poynting vectors represented by red arrows are
placed on the top surface of a glass substrate. Despite equivalent internal radiation patterns that originate from
Hertz dipole emitters, MIB-OLED shows narrower out-coupled angular emission characteristics than that of
planar B-OLED, especially in cases of horizontally-aligned dipole emitters.

The results of Figs. 2, 3 suggest that MIB-OLED should exhibit stronger emission intensity while its angular
emission distribution mimics that of a Lambertian source better than conventional planar B-OLED.

Experimental confirmation. For experimental confirmation of the MIB-OLED model, we have fabri-
cated a cavity structure integrated with MS and performed passive characterization of the structure. For a long
time, many studies of nanostructure-integrated OLEDs have been conducted, where highly enhanced OCE of
OLEDs has been experimentally validated’’7>. In the case of ambient light reflection, however, high-contrast
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OLEDs have been proposed largely in conjunction with thin-film structures such as anti-reflection coating or
black cathodes without any nanostructures'’=2*. For this reason, we have focused on experimental confirmation
of reflection characteristics of ambient light to MS-integrated cavity structure. Organic materials of MIB-OLED
such as Alg;, PEDOT:PSS, and TAPC are replaced with inorganic materials which have similar refractive indices
for efficient and stable fabrication. Although passive characterization of the structure without complex fabrica-
tion processes does not provide a complete picture, it can still confirm the enhanced performance due to MS in
the cavity.

The fabrication was largely based on electron beam lithography to define the nanoscopic size of the MS
structures. The schematic illustration for the fabrication procedure is presented in Fig. 4a. MS used for experi-
mental confirmation started with sonication of a BK7 glass substrate with acetone, IPA, and water for 5 minutes.
A combined layer of adhesion promoter (AR 300-80) and E-beam resist (AR-N 7520.073) was spin-coated for
1 minute at 4000 rpm. A conductive protective layer (AR-PC 5091.02) was then spin-coated with 3000 rpm. In
the patterning process, a periodic slot array was exposed with an electron beam in an area of 200 um x 200 um.
This is followed by thermal deposition of a 20-nm thick Au thin film and a 2-nm Cr adhesion layer. The sample
was immersed in the remover (AR 300-70) for 1 hour on a 150 °C hot plate to lift off the sacrificing resist pat-
tern. The fabrication steps are illustrated in Fig. 4a. The final length of the experimentally fabricated two slots
were L; = 200 nm, L, = 160 nm and W = 60 nm, as shown in Fig. 4b. After fabrication of the MS layer in gold,
other materials were sequentially deposited for the MIB-OLED. The CPL and EML were replaced by Al,O;, and
HIL by SiO,. SEM images of a fabricated MS sample are shown in Fig. 4b. More details of the depth profile can
be provided by image analysis with improved clarity, i.e., after gray tones corresponding to the zero height were
found, measured gray values can be converted into the depth scale, as shown in Fig. 4c, which confirms that the
slots are indeed 20 nm thick.

To confirm large absorption achieved with MS, an optical set-up was constructed as shown in Fig. 4d. The
set-up consists of a white-light lamp (FL-1039 Xenon arc lamp, Horiba, Japan) as light source and a spectrometer
(HR4000, Ocean Optics, U.S.A.) with collimation optics. L1, L2, and L3 describe a collimating light illumina-
tor (BX-RLA2, Olympus, Japan). L4 is a tube lens with f= 100 mm. An objective lens (UMPlanFl 100X NAO.9,
Olympus) was used to illuminate and acquire reflected light from a MS sample. Firstly, reflectance spectra of MS
were compared to that of gold thin film, both of which were formed on the BK7 substrate. The thickness of MS
and gold thin film was fixed at 20 nm while structural parameters of mixed-slot arrays for the fabrication were L,
=200 nm, L, = 160 nm, and W = 60 nm. Incident light was unpolarized and normal to the MS and the gold thin
film. Figure 4e shows an experimental reflectance spectrum of a MS sample (red solid line with symbols of filled
circles) which is 1.9-fold lower on average than the reflectance of gold thin film (black solid line with symbols of
open triangles) in the 450 to 650 nm visible wavelength range. These results are overall in good agreement with
the calculated reflectance spectra, as shown in Fig. 4e (dashed lines in red and black). The discrepancy between
experimental and numerical data appears to arise from the imperfection in the fabricated slot array size and shape
of MS, which may have caused a shift in the wavelength at which LSP is induced. Nonetheless, the result confirms
that MS produces large absorption of light, causing the excitation of LSP, which shows up as reduced reflectance.

The reflection of ambient light by the MS-integrated cavity structure was also measured in an identical set-
up. Figure 4f shows the measured and simulated reflectance spectra in the 450 to 650 nm visible wavelength
range. Measured results (red solid line with circular symbols) agree well with the simulation (dashed line in red).
We have also compared the reflectance spectrum between conventional B-OLED (dashed in black) and MS-
integrated cavity structure (dashed in red). Note that conventional B-OLED shows strong reflection (above 80%)
due to the aluminum cathode in the whole visible wavelength range. By comparison, the MS-integrated cavity
structure presents significantly lower reflection with high possibility to reduce luminous reflectance, especially in
the range of 525 to 575 nm wavelength where eye sensitivity can be strongly associated. The reduced reflectance
in the wavelength range 500-575 nm is associated with absorption by excited SPPs that arise from the coupling
between Al electrode and gold nanoslot layer. The reflectance in the longer waveband may also be affected due
to absorption by LSP excitation. It was found that the effect of SPPs is less affected by the nanoslot width than
that of LSPs, i.e., the absorption peaks due to LSPs tend to be blue-shifted as the nanoslots become wider. The
minimum reflectance was obtained as 13.8% at 529 nm (experiment) and 12.5% at 535 nm (simulation). This
represents reduction of reflectance by about 5.9 and 6.5 times, respectively, in reference to 81.7% at 530 nm for
conventional B-OLED. These results suggest that MIB-OLED can improve the optical performance significantly.

We now discuss changes in the electrical properties of OLEDs caused by the introduction of a MS layer. In
the MIB-OLED structure shown in Fig. 1b, because MS is separated from anode by the capping layer (TAPC)
and is not in direct contact with anode, electron-hole pair recombination is affected little by the MS and its effect
on electric properties such as hole carrier mobility is weak. In other words, LSP absorption that is associated
with reduced back reflection due to the MS tends not to influence carrier mobility significantly, though this may
increase injected current density. Such as trend is overall confirmed in other studies, e.g., when SP localized by
aluminum nanoparticles embedded in a HIL, hole carrier injection and transport were found not to be affected
by LSP absorption’. Also, embedding gold nanoparticles in a HIL, while enhancing optical efficiency, did not
significantly affect hole injection efficiency’. On the other hand, anode replaced with a metallic mesh electrode
was found to decrease hole injection barrier height and thereby obtain high current density’®. Furthermore,
luminance efficiency is improved due to SP localization, for example, as a result of energy transfer between LSP
and photon radiated in an EML or reduced lifetime of exciton through Purcell effect.
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Figure 4. (a) Schematic diagram of the fabrication processes to implement the MIB-OLED model along with a
final cross-section. (b) SEM image of a fabricated MS sample prior to material deposition (scale bars: 500 nm):
tilted (left) and top view (middle). The magnified image on the right represents a unit MS pattern with a 500-nm
size. (c) Depth profile of the measured SEM image of slots across the white dashed line in (b). (d) Schematic
set-up for passive experimental characterization of MS for the MIB-OLED model (LS: light source, OB:
objective lens, BS: beam splitter, SP: spectrometer, and L1-L4: collimation optics). (e) Measured and simulated
reflectance spectra for only MS and gold thin film deposited on BK7 substrate. Thickness of MS and gold film

is 20 nm and MS composed of mixed-slot arrays whose structural parameters of L;, L,, and W are fixed to

200, 160, and 60 nm, respectively. (f) Comparison of reflectance spectrum between conventional B-OLED and
MS-integrated cavity structure. Integrated MS has a 20-nm thickness and its structural parameters of L;, L,, and
W are 200, 160, and 60 nm.
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Conclusion

In summary, we have investigated performance enhancement of B-OLEDs integrated with MS. Effect of layer
thicknesses and structural parameters has been investigated to improve performance measures such as OCE
and reflectance of the ambient light. Quantitative evaluation of performance was measured by an optimization
factor y. To the best of our knowledge, this is the first study to explore integration of MS to high-contrast OLED
structure.

Improvement was first made by optimizing dcp; and dy: with optimization of layer thicknesses, performance
of MIB-OLED was shown to enhance by merely 3.9% over conventional B-OLED with y,,,, = 14.35. Further
improvement was made by optimizing structural parameters L, and W of MS. The maximum optimization factor
was achieved as y,,,, = 16.02, i.e. the enhancement associated with MS reaches 16%, compared to the conven-
tional B-OLED. These structural parameters produce an OCE of 15.6% and reflectance at 26.9% and the OCE
shows enhancement by 51% over that of B-OLED. Angular emission distribution of optimized MIB-OLED has
a more Lambertian-like pattern than that of planar B-OLED. Enhanced optical performance of MIB-OLED is
validated by experimental results. With higher y to be achieved using more efficient optimization algorithms, we
expect MS to be extremely useful as an element to improve the performance of conventional OLED structures.
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