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1. ABSTRACT 

Coupling of light to surface plasmons at metal cathode represents a significant light loss in organic light-emitting diode. 
The newly discovered graded photonic super-crystals with dual periodicity and dual basis, present great opportunity to 
improve the light out-coupling (The light extraction efficiency) from organic light-emitting diodes. These graded photonic 
super-crystals can be holographically fabricated by eight beam interference lithography. In this paper, we have computed, 
through electrodynamic simulation, the light extraction efficiency of planar, organic light-emitting diodes where the Al 
cathode is patterned with the graded photonic super-crystals. When the cathode of an organic light-emitting device is 
patterned in the graded photonic super-crystals, a light extraction efficiency up to 70% in the visible range can be achieved. 
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2. INTRODUCTION 

Using photonic crystals for the integration of functional optical devices, photonic band gap engineering, and enhanced light–matter 
interactions has been extensively studied [1–2]. The traditional periodic photonic crystals (PhCs) with a single basis have uniform lattices 
[3], as shown inside the solid red square in Figure 1. Second-generation periodic PhCs have dual lattices with one set of lattices [4-5], 
the dual lattices indicated by the black and yellow dots in Figure 1 where the Second-generation of photonic crystals have greatly 
enhanced broadband light absorption when integrated with light-absorptive [4-5]. Future-generation PhCs [here called graded photonic 
super-crystals (GPSCs) have superlattices with dual periodicity, dual symmetry, and dual basis and a graded filling fraction of dielectric 
material [6-10]. They are called GPSCs due to a large unit super-cell in the PhC and gradient basis in the unit super-cell. Very recently, 
we have demonstrated direct holographic fabrication of graded, superlattice PhCs with dual periodicity, dual symmetry, and dual basis, 
using a spatial light modulator (SLM) [6-10]. 

 The lattices are grouped by the black and yellow dots. However, the size of the basis is different in GPSC as shown in Figure 1. The 
basis size is the gradient, becoming smaller along the arrows for both blue and red lattice sets in Figure 1, and then becoming larger after 
a quarter of period. The unit cell becomes a unit super-cell in the GPSC, as opposed to the dual lattice in the second-generation photonic 
crystals. The first period  is the period for the traditional photonic crystal, while second period is the second period in the x-direction for 
the GPSC, as shown in Figure 1. The lattice described by fiest period has a square symmetry, while the lattice described by the second 
period can have square, five-fold symmetry, or hexagonal [6–10]. Thus, the GPSC can have dual-symmetries and dual-periods. The 
lattice with first period can have other symmetries, with a cost of reduced resolution in a phase pattern if a spatial light modulator (SLM) 
is used in the fabrication [6–10]. The filling fraction of the dielectric material in the GPSC is also the gradient for the regions where the 
dashed red square region has a high filling fraction and the solid red square region has a low filling fraction.  

On the other hand, the organic light-emitting diodes (OLED) have been extensively studied for many applications [11-14]. Coupling 
of light to surface plasmons at metal cathode represents a significant light loss in organic light-emitting diode. Some external out-
coupling structures such as shaped substrate and micro-lenses have been used to improve the out-couple efficiency in the substrates for 
OLEDs [15-19]. One of the important ways which have been used to improve the light extraction efficiency for OLEDs is using the 2D 
photonic crystals (PhCs) as one type of internal light extraction structure for LEDs. By incorporating internal light extraction structures 
between OLED layers and substrates or in the active layer, the light out-coupling efficiency for planar OLEDs can be improved [20-
21]. 



 
Figure 1. Image of photonic super-crystals: the lattices can be grouped by black and yellow dots. The size of the basis becomes smaller 
along the blue and red arrows, and then becomes larger after a quarter of “Period 2”.  

In this paper, we study the extraction efficiency and of light from the organic light emitting device, by using the graded 
photonic super-crystals (GPSCs) with a rectangular unit super-cell. By texturing the cathode of the white OLED with 
graded superlattice PhCs with dual basis, the highest light extraction efficiency into glass substrate has been predicted by 
simulation. 

3. PATTERNING WITH GRADED SUPERLATTICE PHOTONIC CRYSTALS 

Two sets of interfering beams are used (4-beam for each), where the total eight beams are overlapped form a pattern. The E is the 
electric field for these eight beams given by the following equations: 

۳૚ሺݎ, ሻݐ 	ൌ ଵࡱ cosሾ൅ሺ݇	sinߙଵ	ܿ45ݏ݋ሻݔ ൅ ሺ݇	sinߙଵ	45݊݅ݏሻݕ ൅ ሺ݇	cosߙଵሻݖ െ ݐ߱ ൅ ߶ଵሿ	   (1) 

۳૛ሺݎ, ሻݐ 	ൌ ଶࡱ cosሾെሺ݇	sinߙଵ	ܿ45ݏ݋ሻݔ ൅ ሺ݇	sinߙଵ	45݊݅ݏሻݕ ൅ ሺ݇	cosߙଵሻݖ െ ݐ߱ ൅ ߶ଶሿ 
(2) 

۳ଷሺݎ, ሻݐ 	ൌ ଷࡱ	 cosሾെሺ݇	sinߙଵ	ܿ45ݏ݋ሻݔ െ ሺ݇	sinߙଵ	45݊݅ݏሻݕ ൅ ሺ݇	cosߙଵሻݖ െ ݐ߱ ൅ ߶ଷሿ 
(3) 

۳૝ሺݎ, ሻݐ 	ൌ ସࡱ	 cosሾ൅ሺ݇	sinߙଵ	ܿ45ݏ݋ሻݔ െ ሺ݇	sinߙଵ	45݊݅ݏሻݕ ൅ ሺ݇	cosߙଵሻݖ െ ݐ߱ ൅ ߶ସሿ 
(4) 

۳૞ሺݎ, ሻݐ 	ൌ ହࡱ	 cosሾ൅ሺ݇	sinߙଶ	ܿߚݏ݋ሻݔ ൅ ሺ݇	sinߙଶ	ߚ݊݅ݏሻݕ ൅ ሺ݇	cosߙଶሻݖ െ ݐ߱ ൅ ߶ହሿ	   (5) 

۳૟ሺݎ, ሻݐ 	ൌ ଺ࡱ cosሾെሺ݇	sinߙଶ	ܿߚݏ݋ሻݔ ൅ ሺ݇	sinߙଶ	ߚ݊݅ݏሻݕ ൅ ሺ݇	cosߙଶሻݖ െ ݐ߱ ൅ ߶଺ሿ	   (6) 

۳ૠሺݎ, ሻݐ 	ൌ ଻ࡱ cosሾെሺ݇	sinߙଶ	ܿߚݏ݋ሻݔ െ ሺ݇	sinߙଶ	ߚ݊݅ݏሻݕ ൅ ሺ݇	cosߙଶሻݖ െ ݐ߱ ൅ ߶଻ሿ	   (7) 

۳ૡሺݎ, ሻݐ 	ൌ ଼ࡱ cosሾ൅ሺ݇	sinߠଶ	ܿߚݏ݋ሻݔ െ ሺ݇	sinߠଶ	ߚ݊݅ݏሻݕ ൅ ሺ݇	cosߙଶሻݖ െ ݐ߱ ൅ ߶଼ሿ	   (8) 

Where E is the electric field; k is the wave vector; α1 and α2 (zenith angle) are the interfering angles of the two sets of 
beams (outer and inner beams), respectively; β and 45o are the azimuthal angles for inner and outer beams, respectively; 
and ߶ is the initial phase of the beam. When the eight beams are overlapped, the intensity distribution in the interference 
pattern is determined by the following: 
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The nine (Equations 1–9) were programed in MATLAB, which produced interference patterns with one example in 
Figure 2b. The eight-beam interference can also be approximately understood by adding the interference of beams 1–4 and 
beams 5–8. The inference of beams 1–4 forms a structure with a small period of Λs = 2π/(k sin(α1) cos(45)). The period 



Λx in x-direction in the interference among beams 5-8 is different from period Λy in the y-direction, and are calculated as 
follows: Λx = 2π/(k sin(α2) cos(β)) and Λy = 2π/(k sin(α2) sin(β)).  

A simulated eight-beam interference pattern, as shown in Figure 2b, assumes the same initial phase for all eight beams 
in Equation (9). The periodicity in the x- and y-directions (Λx, Λy) is labeled for the size of the unit super-cell.  

Although both the rectangular (6 × 12) and square (12 × 12) sub-unit cells are used, the sub-unit cell, as indicated by 
the dashed green line, is in a rectangular shape in Figure 2b. The unit super-cell in Figure 2b has a ratio of length over 
width of Λy/Λx = 24/18, which is obtained from (12 + 12)/ (12 + 6). The design of the phase pattern is flexible for obtaining 
a rectangular unit super-cell in a holographic structure.  

 
Figure 2. (a) Schematic of the organic light emitting device (OLED) where the cathode (Al) is patterned with the graded photonic super-
crystal that has a rectangular unit super-cell; (b) Simulated eight-beam interference pattern.; (c) electric-field intensity in the glass 
substrate in OLED at the location 740 nm away from indium tin oxide (ITO)  layer; (d) output of the structure design from the simulation 
software MIT Electromagnetic Equation Propagation (MEEP). 

4. ELECTRODYNAMIC SIMULATIONS OF LIGHT EXTRACTION EFFICIENCY 

In this section, we simulated the light extraction efficiency in the organic light emitting device (OLED) by using the MIT 
Electromagnetic Equation Propagation MEEP (an open-source finite-difference time-domain (FDTD)) simulation tool [22], where 
the cathode is patterned with the graded photonic super-crystal with the rectangular unit super-cell. Due to the large unit super-cell (12 
× 9 times larger than the one in the traditional photonic crystal), we performed parallel simulations using the Simpetus Electromagnetic 
Simulation Platform in Amazon Web Services (AWS). The E-field intensity was monitored, as shown in Figure 2c for example, in the 
glass substrate in OLED. In this simulation, a lattice period (small period) of 1 μm is used, as shown in Figure 2a. The 100 nm organic-
layer (ORG) includes the light emitting layer, the hole transport layer, and electron transport layer. We assigned refractive indices 
n for the glass (n = 1.45), organic (n = 1.8), and indium tin oxide (ITO) (n = 1.8) layers [7,21]. Ten different incoherent electric 
point-dipole sources were placed along a vertical line in the center of the ORG layer and dipoles with different polarization directions 
are assigned [21]. 

The interference of eight-beam pattern in Figure 2b can be divided into four sections. The top two sections have a low-intensity lattice 
set starting from the top-left corner of each section, indicated by the black lines. The bottom two sections have a high-intensity lattice 
set starting from the corner, as indicated by the yellow lines. The simulation results should be the same if we select the whole one or a 
quarter of unit super-cell, based on our experience [7,8,10]. One case for the simulation of different sections, described in Figure 2, is 
from the literature [8]. To save the computation time, a quarter of the unit super-cell (bottom left section in Figure 2b) was used in the 
simulation. Figure 2d shows a permittivity structure output from the MEEP tool with a sub-unit cell size of 9a × 12a (a = 1000 nm). The 
E-field intensity was monitored, as shown in Figure 2c for example, in the glass substrate in OLED. The fraction of the total power as a 
function of the wavelength can be obtained for the light in the glass substrate, light absorbed by Al cathode (in plasmonic mode), and 
trapped as a waveguide mode, as shown in Figure 3a-d. 



The light intensity in air in fraction is 6.6% less than that in the glass substrate, as simulated for other structures [10]. 
However, the simulation of the extraction efficiency into the glass substrate takes much less time. To save the computation 
time and focus on the fabrication effect, we simulated the extraction efficiency into the glass substrate for OLED, where 
the cathode (Al) is patterned with the graded photonic super-crystal formed under different exposure thresholds. Figure 3 
shows the percentage of light in the glass substrate over the total power as a function of the wavelengths for the rectangular 
sub-unit, as shown in Figure 2d. The light exposure thresholds of 25%, 30%, and 35% of the maximum intensity Imax were 
used in the simulations. 

 

Figure 3. Fraction of the total emitted power in glass substrate, both in the surface plasmonic mode and in the waveguide as a function 
of the wavelengths for exposure threshold 30% Imax for the Ex dipoles (a), Ey dipoles (b), Ez dipoles (c), and Ez dipoles for different 
exposure thresholds of 25% Imax, 30% Imax, and 35% Imax (d). 

The results for the dipole polarization of E in the y-, x-, and z-directions are shown in Figure 3a–c, respectively. 
Overall, the extraction efficiency is between 70% and 80% for the dipole polarization in the xy plane. The extraction 
efficiency is 86.6% for the Ey dipoles for the 30% Imax threshold, while they are 76.6% for the Ex dipoles at 524 nm. It is 
reasonable, because the graded intensity is modulated in a higher number of steps along a length of the rectangle in the y-
direction, rather than the x-direction. The extraction efficiency for the Ez dipoles in Figure 3d is not significantly dependent 
on the exposure threshold, as the groove depth of 40 nm in Figure 3a is fixed in the simulation. All parameters used in the 
simulations in Figure 3 are the same as the graded photonic super-crystal with a square super-unit [8], where the maximum 
efficiency for the Ez dipoles occurred at 400 or 760 nm. The maximum efficiency of the Ez dipoles in Figure 3 was 

in the infrared range beyond 800 nm.  
An overall light extraction efficiency, , can be calculated using the average efficiency of the dipoles polarized in x–

y (parallel dipole) and z (perpendicular dipole) [7,21], as follows: 

߮	 ൌ 	
2
3
߮௫ି௬ ൅

1
3
߮௭		  (10) 

Where thex‐y andz are also the average efficiency for ten dipoles. The extraction efficiency is calculated to be 
71% at 563 nm and 73% at 633 nm. For all of the exposure threshold conditions, the lowest extraction efficiency is 65% 
at 434 nm in the visible range. The high-light extraction efficiency can be understood through the effective light coupling 
condition provided by the graded photonic super-crystals in Equation (11) [23], as follows: 

ߨ2
ߣ
݊௘௙௙ െ

ߨ2
ߣ
sinሺߙሻ 	ൌ 	ܴ	  (11) 

where neff is the effective refractive index of the graded photonic super-crystal, λ is the wavelength in free space, and R is 
the reciprocal lattice vector. The effective refractive index is related to the filling fraction f by Equation (12), as follows: 



݊௘௙௙ 	ൌ 	ට݊௠௘௧௔௟
ଶ ሺ1 െ ݂ሻ ൅ ݊௢௥௚ଶ ݂	  (12) 

where nmetal and norg are the refractive index of the metal and organic material in the graded photonic super-crystal, 
respectively. Because of the graded filling fraction in graded photonic super-crystals (GPSCs), the coupling condition can 
be met by many wavelengths simultaneously. The wavelength-dependent plasmonic loss is depended on the size of the 
basis at the lattice of the graded photonic super-crystal (GPSCs) [24]. When the sizes of the basis at neighboring lattices 
are different, as shown in Figure 2a (d1 and d2), the plasmonic resonance condition is destroyed, thus less plasmonic loss 
can be seen in the simulation. 

5. CONCLUSIONS 

In conclusion, we have explored the superior capability of improving the light extraction efficiency of OLEDs using graded photonic 
super-crystals with a rectangular unit super-cell. Where the eight-beam interference can provide flexible design for the graded photonic 
super-crystals with a different ratio of length over the width of the rectangular unit super-cell. The light extraction efficiency has been 
computed in three regions: glass substrate, organic/metal interface, and planar organic/ITO layer for OLEDs with the Al cathode 
patterned with the graded super-lattice. The enhancement of extraction efficiency has been explained in term of surface plasmon 
resonance and verified by E-field intensity distributions. A large light extraction efficiency up to 70% into glass substrate has been 
predicted through simulation, where the high extraction efficiency is maintained for different exposure thresholds during the interference 
lithography. 
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