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Abstract

Coupling of light to surface plasmons at metal cathode 

represents a significant light loss in organic light-emitting 

diode (OLED), resulting in its overall low energy efficiency. In 

this report, numerical models to simulate the plasmon cou-

pling effect at the metal cathode and to reduce plasmon  

energy loss by nanostructured cathode are described. The 

simulation was done in the framework of finite element 

method (FEM) carried out in a commercial software package 

(COMSOL Multiphysics). In the electromagnetic wave fre-

quency domain simulation, the molecular emitter is mod-

eled by a classic point dipole driven by continuous electric 

current, and Ag is selected as the cathode material. The simu-

lation visualizes the light field distribution in a multilayer 

OLED structure and its coupling to surface plasmon polari-

ton waves (SPP) in real space. Two-layer structure models are 

then used to quantitatively analyze the percentages of plas-

mon losses for flat and nanograting cathode structures. The 

FEM model allows simulation of arbitrary cathode structures 

and variation of its material properties, and thus enables 

parametric optimization of the cathode structure and mate-

rial for minimization of plasmon loss. Our simulation results 

suggest that ~50 % reduction of plasmon energy loss over a 

broadband emission is possible by optimized metal cathode 

structures.

＊Konica Minolta Laboratory U.S.A, Inc.

1   Introduction

OLED is an emerging technology for next-genera-
tion flat panel display and solid-state lighting due to 
its many attractive advantages, such as lightweight, 
low power consumption, thin and flexible form fac-
tors. Konica Minolta is one of the leading companies 
developing and commercializing high luminous effi-
ciency OLED lighting panels.

A typical bottom emitting OLED has a multilayer 
structure that includes a glass or plastic substrate, a 
transparent anode (usually indium tin oxide (ITO)), a 
hole transport layer (HTL), an emitting layer (EML), 
an electron transport layer (ETL), and a metal cath-
ode, as schematically illustrated in Fig. 1. Due to total 
internal reflections caused by the mismatch in the 
refractive index between each layer, as well as plas-
mon coupling loss at metal cathode, typically only 
about 20 % of the emitted light can leave the device, 
limiting its light extraction efficiency.1) Among the 
many light loss mechanisms, coupling to surface 
plasmons amounts to about 40 % of the total emitted 
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Fig. 1  �Schematics of a multilayer OLED structure and various kinds of 
light out-coupling losses.
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light, and elimination/reduction of plasmon loss thus 
represents a big challenge in improving the light ex-
traction efficiency of OLED.

Several approaches have been explored both theo-
retically and experimentally to reduce the plasmon 
coupling loss in OLED, such as horizontally orienting 
the molecular emitters2), increasing the distance be-
tween emission zone to the cathode3), fabricating 
metal-free electrode4), or using nanograting struc-
tures5). While some of those methods have achieved 
limited practical successes, non-trivial discrepancies 
are also seen among different literature. A systematic 
study of the plasmon coupling mechanism and the 
structural effect, particularly with subwavelength 
nanostructured cathode, on the plasmon loss of 
OLED has been rare. Such effort could be achieved 
computationally by utilizing electromagnetic wave 
numerical simulations such as FEM6) or finite-differ-
ence time-domain (FDTD) method7).

In this paper, we describe a numerical model to 
simulate the plasmon coupling effect in OLED and to 
explore the reduction of plasmon loss by nanograting 
cathode structure. The simulation indicates that plas-
mon loss is mainly through the coupling of dipole 
emission into SPP. SPP is a surface wave confined at 
the ETL/metal cathode interface with its energy being 
eventually dissipated into the metal electrode. A sim-
plified model of Ag/EML two-layer structure was ad-
opted to quantitatively analyze the percentages of 
plasmon losses for flat and nanograting cathode 
structures. The results suggest that plasmon coupling 
can be significantly reduced by fabricating nanograt-
ing structures at the cathode/organic material inter-
face. Parametric studies were also performed to sur-
vey the effect of the size, shape, and period of the 
nanograting on the plasmon loss reduction.

2   Simulation method

The simulation is performed using the RF module 
of COMSOL Multiphysics. Maxwell’s equations are 
calculated in the frequency domain to simulate the 
field distribution inside a multilayer material. Since 
plasmon effect is essentially a near field phenome-
non, only near field are calculated. We started with 
2D simulations. Fig. 2 (a) shows a schematic of the 
simulation domain which is 6-layer stack of materials 
corresponding to those shown in Fig. 1. The thickness 
of each layer in the simulation is indicated in the 
figure. The wavelength dependent optical properties 
(dielectric constant or refractive index) of each mate-
rial are obtained from either experimental data or 
literature8) and are tabulated in the COMSOL FEM 
model for interpolation. A classic electric point di-
pole with unit dipole moment is placed at the middle 
of EML layer to model the molecular emitter in the 
OLED, as indicated by a red arrow in Fig. 2 (a). This 
has been shown to be a valid approximation9).

The horizontal scale of the simulation domain is set 
as 10 µm, few ten times longer than that of the simu-
lation wavelength in order to reveal the wave behav-
ior of different mode in a propagated distance. All 
domain boundaries except the bottom of the Ag elec-
trode are surrounded by Perfectly Matched Layer 
(PML) to absorb outgoing waves. The skin depth of 
Ag at visible wavelength is about 20 nm, so the trans-
mission through 120 nm Ag film is negligible, and no 
PML is needed at the bottom boundary. PML at the 
top boundary assumes infinite half space for glass 
substrate and the substrate/air interface effect is not 
included in the simulation, since the substrate in an 
OLED device is optically thick which cannot be effi-
ciently treated in the FEM computation. Note that 

Fig. 2  �(a) The 2D simulation domain, and (b) the simulated field distribution of a dipole emission in a multiplayer OLED structure. The field 
intensity is normalized and plotted on a log color scale.
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special care needs to be taken for PML set up at the 
metal/dielectric interface region for appropriate ab-
sorption of the SPP waves. Specifically, the SPP is a 
decaying wave; a complex number SPP wavelength 
has to be specified in the PML setting at the Ag/or-
ganic layer interface region.

Due to thin film nature of the multi layers, swept 
mesh is used for all domains, except a small boxed 
region enclosing the dipole source where free trian-
gular mesh is applied. Convergence test has been 
performed to ensure the mesh density is sufficient. 
Finally, the geometrical properties in the COMSOL 
model are all parameterized to enable structural opti-
mization without re-editing the model geometry. 

3   Simulation results and discussion

3. 1   Visualizing the mode distribution in OLED 
Fig. 2 (b) shows the field distribution from a 2D sim-

ulation of a dipole emission inside a multilayer OLED 
structure corresponding to Fig. 2 (a). The dipole is ver-
tically oriented (Py), i.e., perpendicular to the layer 
interfaces and separated from the Ag surface by 60 
nm. The vacuum wavelength (λ0) of the emission is 
475 nm. Fig. 2 (b) is the normalized y-component of 
the electric field intensity (|Ey|). Coupling of the di-
pole emission into different light modes can be read-
ily identified. For example, the quasi-cylindrical like 
wave inside the glass corresponds to light mode emit-
ting to the far field. As mentioned above, the glass 
substrate is treated as infinitely thick in the simula-
tion, so there is no distinguishment between the sub-
strate mode and the air mode. The plane wave like 
component inside the ITO and the organic layers is 
recognized as the waveguide mode. As seen in 
Fig. 2 (b), the waveguide mode propagates essentially 

horizontally toward the sides and does not contribute 
to light emission of the device. Finally there is the 
component marked by the red dashed line, it features 
relative high intensity, strong confinement at the met-
al/dielectric interface region, and quick attenuation 
of the intensity as it propagates away from the source. 
Those features are the characteristics of a SPP wave. 
Hence the simulation reveals the main mechanism of 
the plasmon loss is excitation of the SPP wave at the 
cathode interface. To the best of the authors’ knowl-
edge, this is the first time that the mode distribution 
and the plasmon coupling in OLED is visualized in 
real space.

3. 2   Reducing plasmon loss with nanograting  
In this section, we examine the possible reduction 

of the plasmon coupling by nanograting cathode 
structure. To focus on the plasmon effect, herein and 
after we limit our simulation to a simplified Ag/EML 
2-layer structure. Fig. 3 displays simulated field distri-
bution (|Ey|) of a vertical dipole (Py) emission (λ0 = 
535 nm) inside the 2-layer structure comprising of 
120 nm Ag and 1500 nm EML material. The dipole is 
inside the EML material and is 50 nm above the met-
al surface. Fig. 3 (a) is the field distribution for a flat 
interface, which shows that for the 2-layer structure 
the majority of the dipole emission is coupled to the 
SPP wave, while only a small portion is radiated as 
free light into the EML as indicated by its much weak-
er intensity. Fig. 3 (b) shows the result for a 2-layer 
configuration with nanograting structure at the inter-
face, indicating that the SPP coupling is greatly sup-
pressed in this case. The geometry of the nanograting 
and its structural parameters are schematically shown 
in the inset of Fig. 3 (b). For this simulation, dimen-
sion of the grating is a period (λG) of 100 nm, a pitch 

Fig. 3  �2D simulated field distribution of a dipole emission in a 2-layer structure with (a) flat, and (b) nanograting interface. The inset in (b) 
shows schematic of the nanograting with its structural parameters. The field intensity is normalized and plotted on a log color scale.
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width (L) of 50 nm, and a pitch height (h) of 50 nm. 
The dipole is at 50 nm (d) above the center of a pitch 
(Δx = 0). The results suggest that significant reduction 
of plasmon loss is viable by subwavelength nano-
structured cathode.

3. 3   3D simulation  
OLED is an incoherent light source, in which en-

semble of molecular emitters align randomly and 
emit independently. The overall effect is the average 
of three dipole orientations: one perpendicular and 
two parallel to the interfaces of the multi-layers7). 
Therefore, 3D simulation is the most suited to char-
acterize the isotropic nature, while 2D simulation im-
poses some artificial symmetry (in the z direction) 
and polarization (s- or p- polarized) on the system. 
Nevertheless, 2D simulation suffices to illustrate the 
mechanism of the plasmon loss and to compare be-
tween flat and nanograting structures. Here a 3D cal-
culation is performed for crosscheck as presented in 
Fig. 4 (a) and (b). Due to high memory consumption, 
the 3D simulation is limited to a small domain size as 
labeled in the figure. The 3D simulation is done for a 
vertical dipole (Pz) with emission wavelength (λ0) of 
535 nm. The 3D calculations also show that strong 
SPP excitation occurs in the flat structure indicated 
by the strong field intensity in the x-y cross section 
plane at the interface as shown in Fig. 4 (a), while for 
the nanograting cathode structure shown in Fig. 4 (b), 
the coupling to SPP is negligible, confirming the re-
sults obtained in the 2D simulations.

3. 4   Power flow analysis  
To quantitatively compare between the flat and 

nanograting cathode structures for plasmon loss, par-
tition of the total emission power into the light mode 
and the plasmon mode are calculated in the 2D simu-
lation of the 2-layer system. In the inset of Fig. 3 (b), 
the color dashed lines denote the boundaries used to 
integrate the power of each mode. Specifically, power 
flow (Poynting vector) goes out through the rectangu-
lar box enclosing the source (S0) calculates the total 
emission power of the dipole. The power flow inte-
grated over boundary S1 represents the light mode, 
and that over the S2 for SPP. Note that S2 is extended 
some distance into the EML to account for the eva-
nescent field of SPP. Due to interference between the 
light mode and SPP, this extended distance is some-
what arbitrary. In the simulation, it is selected as the 
distance to where the SPP field intensity decays to e-1 
relative to that at the interface. In addition, the 

power of plasmon mode also needs to include the 
resistive loss in the metal, since SPP is a lossy wave 
and part of its energy is dissipated inside the metal 
before it reaches the domain boundary. 

Fig. 4  �3D simulated field distribution of a dipole emission in a 2-layer 
structure with (a) flat, and (b) nanograting interface. The field in-
tensity is normalized and plotted on a log color scale.

The mathematical formulations can be summarized 
as follows:

�

Ptotal = ʃ (E→ × H→) · dS→0� (1)

Plight = ʃ (E→ × H→) · dS→1� (2)

Pplasmon = ʃ (E→ × H→) · dS→2 + ʃ (J→ × E→) · dVAg� (3)

A percentage of plasmon loss then can be estimat-
ed by Pplasmon /Ptotal .

Fig. 5 plots the percentage of plasmon loss for a flat 
and a nanograting structure as a function of the verti-
cal distance between the dipole source and the inter-
face calculated for Py at 535 nm with Δx = 0 and the 
grating with λG = 300 nm, L = 150 nm, h = 50 nm. 
The result indicates that significant reduction of plas-
mon loss can be achieved with the nanograting struc-
ture when the distance between the dipole and the 
interface is less than about 100 nm, e.g., a maximum 
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of over 50 % reduction at d = 60 nm (Fig. 5). As the 
distance further increases, the plasmon loss of the 
flat structure decreases to insignificant level, while 
that of the nanograting remains at around 40 %, infe-
rior to the flat structure. This observation is in agree-
ment with the previous studies3), suggesting that the 
nanograting cathode is useful for reducing plasmon 
loss only if the separation of the emission layer from 
the cathode is within about hundred nanometers.

indicates more uniform performance across the three 
different wavelengths. Thus common dark cells in 
Fig. 6 (a) and Fig. 6 (b) would indicate the optimal 
structural configurations for plasmon loss reduction. 
For example, the cell marked by a dashed circle has 
a relative ratio of 0.37 and a standard deviation of 
0.09, or 0.37 ± 0.09, suggesting that ~50 % reduction 
of plasmon loss over a broadband emission is promis-
ing by optimized grating cathode structures.

Fig. 6  �(a) Averaged relative plasmon loss of a nanograting with respect 
to a flat cathode structure as function of grating pitch height and 
duty ratio, and (b) the corresponding standard deviation in wave-
length averaging. In (a), the color is saturated at 1.

Fig. 5  �Percentage of plasmon loss for a 2-layer structure as a function of 
the distance of the dipole from the layer interface.

3. 5   Parametric study
Extensive parametric sweeps were performed to 

explore the dependence of the plasmon loss on a 
number of factors such as the dipole position (d, Δx), 
dipole orientation (Px, Py), emission wavelength (λ0), 
and the grating size and shape (λG, L, h), etc. Detailed 
analysis of the parametric study is beyond the scope 
of this article. Here we give one example on the grat-
ing structural optimization. Fig. 6 (a) presents a 2D 
map of the relative ratio of plasmon loss (the grating 
with respect to the flat) as a function of two grating 
geometrical parameters, the pitch height (h) and the 
pitch duty ratio (L /λG), for a given grating period (λG 
= 100 nm) and vertical position of the dipole (d = 50 
nm). The data are averaged over 2 dipole orienta-
tions (Px and Py), 2 horizontal dipole positions (Δx = 0 
and Δx = λG /2), and 3 emission wavelengths (λ0 = 
475 nm, 535 nm, and 625 nm). It evaluates the over-
all plasmon reduction effect of the grating structure; 
the smaller the relative ratio (i.e. darker the color in 
Fig. 6 (a)), the larger the reduction. Fig. 6 (b) plots the 
corresponding standard deviation from the wave-
length averaging, which provides a rough estimation 
on its broadband performance. A smaller value 

4   Summary

We have developed a FEM numerical model to 
simulate light field distribution and plasmon effect in 
OLED, and applied it to evaluate possible plasmon 
reduction by nanograting-structured cathode. The 
FEM model allows simulation of the optical effect 
caused by arbitrary subwavelength structures which 
is usually incapable to achieve with analytical simu-
lations. Our simulation results suggest that significant 
reduction of plasmon energy loss over a broadband 
emission is promising by optimized metal cathode 
structures, providing a valuable reference for future 
experimental development.
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