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A theoretical discussion on the efficiency of light extraction is presented for the parameter optimization concept of the 
light-emitting diodes (LEDs) using a two-dimensional photonic crystal (PC). Several photonic systems of square and 
Archimedean lattices are investigated based on a simple design method for an efficient light output from the viewpoint of 
Bragg diffraction. According to the photonic band diagram, the radiation modes near the operation eigenfrequency above the 
light lines are used to extract light from the PC-based LED into the free space. The predicted design parameters for the 
optimal light extraction are qualitatively consistent with the results of three-dimensional finite-element-method simulations. 
The extraction efficiency could be improved by a factor of ~3 compared to that of an LED device without the PC pattern by 
adding an Archimedean tiling of circular pillars in the device. 
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1. Introduction 
 
Light-emitting diodes (LEDs) are promising light 

sources with applications in color displays, solid-state 
lighting, and optical communications [1-3]. One of the 
critical research issues in LEDs is to improve their 
external efficiency. It is well known that only a small 
fraction of photons generated in an LED device can escape, 
which results from the total internal reflection (TIR) at the 
interface of the high dielectric material and the outer 
medium [4]. Therefore, photons failing to radiate into the 
free air space are reflected back and guided laterally inside 
the multi-layered structure, leading to a light re-absorption. 
To overcome the intrinsic limitation and to extract more 
photons out from the device, various schemes have been 
explored, which include surface texturing, the use of 
microlenses, reshaping the light escape cone, coupling the 
emission to surface plasmons, and the diffraction by a 
two-dimensional photonic crystal (2D PC) [5-8]. 
Especially, high light-extraction efficiency is expected for 
the integration of 2D PCs, which allows the control of 
photonic behavior in a predictable manner. 

PCs are periodic dielectric structures with a spatial 
scale on the order of the optical wavelength to give a 
particular dispersion to photons. In general, PCs can be 
used in two main ways in order to enhance light extraction 
from an LED. The first approach is the inhibition and 
redistribution of light emission using the significant 

feature of PCs, the photonic band-gaps (PBGs) [9]. 
However, this option generally leads to nonradiative losses 
and the requirement of a sufficiently large refractive index 
contrast to open a full band-gap [10]. The other approach 
is the diffraction of light due to the scattering produced by 
the 2D periodic array [11].The introduction of periodic 
patterning within the LED device causes the dispersion 
curves to become folded at the Brillouin zone (BZ) 
boundary. Thus, some of the wave-guided modes (trapped 
modes lying below the light line) will be easily coupled to 
the diffracted modes lying above the light line and escape 
from the device [12]. The second option is adopted here 
for the advantage of being compatible with present 
material processes and amenable to treatment in real 
components. 

Design and optimization of the PCs are difficult due 
to the multi-parameter problem of a patterned texture. 
There are many consequences in connection with the 
combinations of intermixing materials, lattice symmetry, 
lattice constant, filling factor, shape of the scattering 
object, and depth of a PC layer. It is hard to confirm which 
one gives the most efficient PC structure in the 
improvement of light extraction efficiency in LEDs. To 
obtain high light extraction efficiency, there are some 
criteria based on the characteristics of PCs. For example, 
the BZ is close to a circle, the shape of scattering elements 
matches the BZ, and periodic structures with period close 
to the optical wavelength of the guided modes satisfy the 
Bragg diffraction condition. Most current implementations 
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of PCs in LEDs make use of square or triangular lattices. 
Photonic quasi-crystals (PQs) are similar to PCs but rely 
on a quasi-crystal arrangement of scattering elements [8, 
13-16]. PQs possess high symmetry orders not achievable 
in nature and offer many desirable features, such as 
isotropic PBGs, operation in low refractive index materials, 
diffraction not arising from the nearest neighbor dielectric 
pillar interactions, eliminating artifacts due to the 
regularity of PCs, and flat dispersion bands. However, it is 
difficult to numerically establish the dispersion properties 
of the electromagnetic waves in most PQs, which do not 
have a translational symmetry but high-order rotational 
and line symmetries. Archimedean lattices are a category 
of PQs, consisting of regular convex polygons which are 
not necessarily identical and can fill the whole plane 
without gaps [15]. Only 11 kinds of Archimedean tilings 
with many varied geometries can be obtained, including 
also the familiar traditional Bravais lattices: square, 
triangular, and honeycomb structures. The benefits of 
Archimedean lattices are a higher order of local rotational 
symmetry than the regular lattices and the strict periodicity 
which allows the calculation of the dispersion relations by 
numerical methods. From the viewpoint of manufacture, 
more techniques can be used to fabricate this kind of PQs. 
In addition, the isotropic behaviors can be transposed to 
light-diffracting PQs, and the lattice constants can reach 
the wavelength of visible light. 

The motivation for using an Archimedean lattice PC is 
to achieve efficient light extraction through the off-plane 
diffraction of the guided modes trapped within the high 
index layers. We present a different scheme to the 
optimization of light extraction efficiency in the LEDs. A 
kind of simple 2D PC structure constructed with a small 
portion of PQs is proposed for the quasi omnidirectionality 
of light extraction. The simulation study is also intended to 
compare the light extraction efficiency of the LEDs based 
on different kinds of periodic patterns with the pillars of 
circular and quadratic cross sections, and to develop the 
most practical design under optimized parameters. The 
introduction of PCs (PQs) to the improvement of 
extraction efficiency is discussed in detail by taking a 
typical organic LED structure for example. The relevance 
between the predictions of the plane wave expansion 
method (PWEM) [17] and the consequences of the three 
dimensional finite element method (3D FEM) calculation 
is demonstrated for highly efficient light-extracting 
structures. Our computational experiments reveal that the 
extraction efficiency is strongly dependent on the 
arrangements or arrays of the pillars and the shape of the 
scattering object. 

 
 
2. Model design and analysis 
 
For the theoretical study, the structures of the 2D PCs 

with square lattices of quadratic and circular pillars and 
Archimedean (4, 82) tilings of quadratic and circular 
pillars are shown in Fig. 1. All the crystals have two 
specific directions, Γ-X and Γ-M. The symbol (4, 82) is the 
notation to categorize the Archimedean lattices and means 
a tiling in which a square and two octangles gather 
edge-to-edge around a vertex [18]. The photonic structure 
of the (4, 82) lattice is obtained by placement of dielectric 

pillars at the vertices as shown in Fig. 1(b). This periodic 
structure can also regard as clusters of 4 atoms organized 
in a square Bravais lattice, i.e., a modification version of 
the square lattice. It indicates that Wigner-Seitz cells can 
be defined and all the theoretical and numerical methods 
already known can be applied. Photonic band diagrams 
can be calculated by defining periodically supercells. The 
primitive cell of the structure is constructed from two 
primitive translation vectors a1=(1+1/ 2 )a(1,1) and 
a2=(1+1/ 2 )a(-1,1). The positions of the basic four 
pillars with respect to the coordinate origin are u1, u2, u3 
and u4 with u1=a(1/2, (1/2+1/ 2 )), 
u2=a(1/2,-(1/2+1/ 2 )), u3=a(-1/2, -(1/2+1/ 2 )), and 
u4=a(-1/2, (1/2+1/ 2 )), respectively. For any integers l1,2, 
R=l1a1+l2a2 defines the Bravais lattice with the periodic 
dielectric constants ε(r+R)= ε(r), where r is the position 
vector. Therefore, a standard PWEM can be used to 
calculate the band structures. The following parameters are 
used throughout this paper: λ is the wavelength of 
emission peak of active material, a is the lattice constant, s 
is the side of a quadratic pillar, r is the radius of a circular 
pillar, and d is the depth of PC (PQ) patterns. In addition, 
fs (fr) represents the ratio of side (radius) and lattice 
constant. 

 
 

 
A 

 

 
b 

 
Fig. 1. 2D PCs and their associated BZs: (a) square 
lattices of quadratic and circular pillars; (b) (4, 82) 
Archimedean lattices of quadratic and circular pillars. 
These photonic structures with lattice constant a are 
composed of pillars with a refractive index of nH = 1.95. 
The substrate refractive index is nL = 1.48. The primitive 
cell in the insets of (b) included four pillars is defined by 
two primitive translation vectors a1 and a2. Four pillars 
surrounding the coordinate origin are at positions u1, u2,  
              u3, and u4, respectively. 
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In general, the light emitted from the LED device can 
be classified into the following modes: the substrate mode, 
the waveguide mode, the radiation mode, and the surface 
plasmon mode [19]. From the theoretical estimation, the 
former two modes have the largest portion of the emitted 
light, which is trapped inside the device [6, 7]. In order to 
effectively extract the light, several possible positions in 
which a PC (PQ) layer or a grating can be inserted into an 
LED device had been previously studied [20-25]. For 
practical applications, the introduction of a PC (PQ) 
between the anode layer and the glass substrate should be 
the most promising, as it does not lead to a modification in 
the electronic properties of the device. At this interface, 
the PC (PQ) slab could have a strong affection on the 
extraction of the light confined in the waveguide and 
substrate modes [25]. Thus, seeking for the optimization of 
LED’s external efficiency, it is necessary to investigate the 
effects of these 2D microstructures on the light emission 
properties of a luminescent layered material in detail. To 
confirm the improvement of the light extraction efficiency, 
the 3D FEM through the COMSOL MULTIPHYSICSTM 
simulation software is exerted for the numerical analysis 
of the LED device. This method can be used to describe 
optical properties for considering the complexity of the 
model. In Fig. 2, a general schematic diagram of the 
modified organic LED device with a 2D PC layer [19, 23, 
24] is adopted for simulations.  

 

Fig. 2. Cross section view of an organic LED with 
SiO2/SiNx PC (PQ) layer. The specified refractive indices  
  are relative to the emitting wavelength of λe = 530 nm. 
 
 
The calculation parameters are as follows: active layer 

thickness 145=actd nm, indium-tin-oxide (ITO) anode 
thickness 150=ITOd nm, active layer refractive index 

75.1=actn , ITO refractive index 8.1=ITOn , SiNx 
refractive index 95.1=Hn , and SiO2 refractive index 

48.1=Ln . The radiation profiles of the horizontal (x and y) 
and the vertical (z) dipole sources are investigated by 
locating them at the center of the active layer. The basis 
elements are Lagrange-quadratic elements. The discrete 
model is based on a mesh limit with )10/(,, nzyx λ≤ΔΔΔ , 

where n is the refractive index. For the limitation of 
computer memory capacity, the lateral domain size of the 
FEM computation is restricted to a 5 ×5 square-lattice 
array, and the glass substrate thickness is 5λe, where λe is 
the emission peak wavelength of the active layer (~530 
nm). For simplicity, the material absorption is neglected 
during the calculation, and the model structure is 
surrounded by perfectly matched layers. 

 
 
3. Numerical results and discussion 
 
Consider 2D PC slabs made of a square lattice of SiNx 

dielectric quadratic pillars with ratio fs = s/a = 0.38 
embedded in SiO2 dielectric matrix. Using the PWEM, the 
photonic bands in transverse electric (TE, electric field lies 
in the 2D plane) and transverse magnetic (TM, electric 
field lies perpendicular to the 2D plane) modes are 
illustrated in Fig. 3(a). The Bloch waves to compute the 
eigenfrequencies are expanded by 361 plane waves. 
Generally, the lattice constant for PCs is set at the order of 
the wavelength of the relevant electromagnetic waves, a~λ. 
If the lattice constant is designed to be equal to the 
wavelength of the waveguide modes in the medium, the 
Bragg diffraction condition at the Γ point is satisfied so 
that the trapped light can be outcoupled [23]. In what 
follows, we limit ourselves to the case of normalized 
frequency below a/λ~1. The calculated band structure of 
normalized frequency λω /an =  versus wave vector k

v
 

also results in the photonic density of states (DOS), which 
players a significant role for the understanding of the 
optical properties of PC-based LEDs. In the band diagram, 
the eigenfrequency relates to the free space wavelength of 
emitted light, and the wave vector relates to the azimuth 
angle of the emission from the active layer. The dispersion 
curves indicate the permitted guided or leaky modes for 
the emitted light. The green line indicates the light line 
which characterizes the TIR condition. Modes lying above 
the light line are leaky to radiate to free space. The 
intersections between the emitting center frequency and 
dispersion curves point out the permitted modes of 
emission for a PC-based LED. The use of the 2D PC (PQ) 
which causes the dispersion curves to become folded at the 
BZ boundary is to turn a waveguide mode into a radiative 
mode, the Bloch mode shifted above the light line. The 
lattice constant of the 2D pattern is designed to correlate 
with the wavelength of the active layer (λe = 530 nm) so as 
to induce the Bragg-diffraction effect for the emitted light. 
It could be expected that the extraction efficiency might be 
improved with the increase of DOS of the radiation mode. 
The right diagram in Fig. 3(a) shows the DOS of the band 
structure that is in connection with the radiation and 
waveguide modes in the PC system. It can be seen that the 
normalized frequency nω = 0.93 with the maximum MSQ 
of the DOS appear for the modes above the light line. 
More radiation modes appear, and the corresponding 
design parameters might be responsible for the most 
efficient light extraction. In Figs. 3(b), 3(c) and 3(d), the 
maxima MSC, MAQ, and MAC can also be obtained for the 
square PC with fr = r/a = 0.35 and the (4, 82) Archimedean 
tilings with fs = 0.34 and fr = 0.36, respectively. 
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Fig. 3. Left: the dispersion relations of the 2D PCs from 
the lattice patterns in Fig. 1. All the calculations are 
made for both TE (blue lines) and TM (red lines) 
polarizations. Green lines represent the light line. Right: 
DOS calculated for the corresponding lattice textures. 
The ratios fs (fr) used for these photonic structures are (a) 
square: fs = 0.38, (b) square: fr = 0.35, (c) Archimedean: 
fs = 0.34, and (d) Archimedean: fr = 0.36. MSQ, MSC, MAQ 
and MAC indicate the maxima of the DOS in the 
dispersion diagrams, respectively. Their superscripts 
denote the square lattices of quadratic pillars (SQ)    
and circular pillars (SC) and the Archimedean lattices of  
    quadratic pillars (AQ) and circular pillars (AC). 
 
 
 
 
 
 

In addition, the effect of the variation on the side 
(radius) of the quadratic (circular) pillars should be 
evaluated to determine a moderate ratio fs (fr). The 
relationships between the maximum of the DOS and its 
corresponding normalized frequency from different 
lattices with quadratic and circular pillars are shown in Fig. 
4 for different ratios of fs (fr). The probability in the 
radiative process is proportional to the DOS. For the 
square-lattice PC with quadratic pillars, the designed 
lattice constant related to the normalized frequency nω = 
0.93 could be determined from the appropriate ratio fs = 
0.38 which corresponds to the largest value SQM max among 
all maxima MSQ in Fig. 4(a). This might be responsible for 
the relatively largest enhancement of the light extraction in 
comparison with the other ratios of fs. For the 
square-lattice PC with circular pillars, the largest value 

SCM max among all maxima MSC in Fig 4(b) gives the 
adequate ratio fr = 0.35 and its corresponding normalized 
frequency nω = 0.86. The other normalized frequencies 
given by nω = 0.73 and 0.77 corresponding to the largest 
values AQM max  and ACM max  at fs = 0.34 and fr = 0.36 can be 
obtained in the same way for the Archimedean PCs in Figs. 
4(c) and 4(d), respectively.  

In summary, the PC structure is predictable and 
convenient for the parameter optimization. The practices 
for design and optimization of the PC (PQ) texture are 
outlined as follows. For the selected constituent materials 
with different dielectric constants ( 2

HH n=ε , 2
LL n=ε ), 

the dispersion curves for an initial ratio fs = s/a (fr = r/a) 
can be constructed according to the specified lattice 
pattern. Through the theoretical treatment of the dispersion 
relations, the distribution of the DOS as a function of nω  
gives a maximum DOS peak (M) for the radiation modes 
above the light line. By the change of the ratio fs (fr), the 
maximum M of the DOS peak can be scanned to obtain a 
suitable ratio fs (fr) which gives the largest value Mmax and 
the corresponding eigenfrequency nω . From this 
eigenfrequency λω /an = , an optimized lattice constant 
a could be determined to manipulate the desired emission 
wavelength λ. Consequently, a significant enhancement in 
the light extraction efficiency of the PC-based LEDs 
should be expected under the optimized parameters of the 
ratio fs (fr) and the eigenfrequency nω . 
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a 

b 

c 

d 

Fig. 4. The maxima of the DOS and their corresponding 
normalized frequencies ( λω /an = ) as a function of 
the ratio fs (fr), obtained from the dispersion relations of  
square lattices with quadratic (a) and circular (b) pillars 
and (4, 82) lattices with quadratic (c) and circular (d) 
pillars. SQM max , SCM max , AQM max , and ACM max  represent 
the largest values among all maxima of the DOS for the  
     four kinds of lattice textures, respectively. 
 
 

 
a 

 

b 
Fig. 5. Variation of the relative enhancements as a 
function of the emitting wavelength λ for the (4, 82) 
lattices of quadratic (a) and circular (b) pillars under the 
different ratios fs (fr) and their corresponding 
eigenfrequencies nω . The lattice constant is a=λeωn. 
 
 
Seeking for the optimization of LED’s external 

efficiency and confirming the concepts above, the 
transmission properties of the PC-based organic LED are 
calculated by using the 3D FEM (COMSOL 
MULTIPHYSICS). The light output is represented by the 
vertical component of the Poynting vector integrated over 
the top surface of the organic LED device in Fig. 2. The 
relative enhancement is defined as the fraction of the 
emitted light through the top surface of the simulation 
model with the PC (PQ) texture to that without the PC (PQ) 
one. The thickness of the PC slab is taken as d = 200 nm. 
Under the different ratios of fs and fr and their 
corresponding eigenfrequencies nω  in connection with 
the maxima MAQ and MAC of the DOS from Figs. 4(c) and 
4(d), Fig. 5 shows the relative enhancement as a function 
of the emitting center wavelength λ for the Archimedean 
tilings of quadratic and circular pillars. The simulation 
results for theoretical verification are to examine the 
improvement of LED’s relative extraction efficiency based 
on the concepts of the most effective PC (PQ) design. The 
relative light output of the organic LED is enhanced by the 
introduction of the PQ, and the most effective 
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enhancement could be attained through the parameter 
optimization. At the desired emitting wavelength λe, over 
2.3 (2.8) times of the relative enhancement is observed for 
the optimized Archimedean tiling of quadratic (circular) 
pillars with the proper ratio of fs = 0.34 ( fr = 0.36). The 
maximum peaks appear as a result of the multiple 
diffraction effects of the PQ structure. 

 

 
 

Fig. 6. Relative enhancements of the PC-based LEDs 
with square lattices of quadratic and circular pillars and 
(4, 82) lattices of quadratic and circular pillars are 
plotted as a function of the emitting wavelength  of  the  
    active layer. The lattice constant is a=λeωn. 
 
 
The comparison of the relative enhancements among 

the four kinds of optimized PC structures (Fig. 1) 
embedded in the organic LED is plotted as a function of 
the emitting wavelength in Fig. 6. By means of 3D FEM 
simulations, it is shown that the amount of light extraction 
from the LED device with the square PC of quadratic 
pillars (fs = 0.38) is 1.6 times larger than extracted from 
the nonpatterned device at the designed wavelength λe. 
The device containing the square PC of circular pillars (fr 
= 0.35) is 1.7 times more intense than that without the PC. 
From Fig. 6, the following results are inferred. The lattices 
of circular pillars are more effective than those of 
quadratic pillars. The Archimedean tilings give better light 
extraction than the square arrangements. In Fig. 3, the 
results of band diagram calculations, especially the DOS 
in the radiation mode, are related to the extraction 
efficiency calculated by the 3D FEM. Additionally, the 
shape of the scattering elements affects the distribution of 
the DOS. The increase of the relative enhancement is 
attributed to the increase of the density of the radiation 
modes. The bands of the Archimedean lattices above the 
light lines (Fig. 3(c) and 3(d)) are much denser than those 
of the square lattices (Fig. 3(a) and 3(b)). It is also noted 
that more flat bands are around the designed normalized 
frequency for the Archimedean lattices, which offer the 
unique feature as well as the other PQs. At relatively flat 
bands, standing waves are formed, and the surface 

emission with the coupling of longitudinal and lateral 
modes can be achieved. This is the main reason for the 
higher peak enhancement in the Archimedean PCs with the 
adequate ratios of fs and fr. 

 

 
Fig. 7. Theoretical relative enhancement of light 
extraction efficiency versus the the PC slab thickness for 
(4, 82) lattices of quadratic and circular pillars under the 
specified emitting wavelength λe. The lattice constant is  
                   a=λeωn. 
 
 
Generally, a thicker PC layer ensures larger extraction 

efficiency. The PC structure as a good light extractor 
should result in a reasonably strong photonic interaction 
for high enough scattering pillars. The effect of varying 
the thickness d of the Archimedean PC layer is 
investigated on the extraction efficiency of the PC-based 
LED. Fig. 7 shows the enhancement ratio as a function of 
the PC slab thickness for the optimal PQ pattern of circular 
(quadratic) pillars with a ratio of fr = 0.36 ( fs = 0.34) under 
the specified emitting wavelength λe. These results indicate 
that the relative enhancement increases with steep 
increases in the slab height up to ~150 nm and a steady 
upward curve above 200 nm. The maximum enhancement 
of the extraction efficiency is found to be by a factor of 
approximately 3 for the optimized PQ pattern with a 
thickness of d = 250 nm. However, etching very deep 
holes in the substrate leads to challenges for the 
fabrication of practical devices, so that a tradeoff should 
exist between the strong diffraction efficiency and some 
constraints. 

 
 
4. Conclusions 
 
In conclusion, we present the study of the extraction 

efficiency in the LED with 2D PCs including square and 
(4, 82) Archimedean lattices of quadratic pillars and those 
of circular pillars. As for the LED device consisting of 
more layers, the improvement of the extraction efficiency 
requires the solutions of the optimization problem 
involving the shape of the pillars, the dimension ratio 
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between the pillar and the lattice constant, the frequency of 
the emitting light, and the thickness of the PC slab. The 
numerical simulations show that the optimization concepts 
in the PC-based LED for both square and Archimedean 
lattices can increase the light extraction efficiency 
remarkably. This enhancement arises from the efficient 
diffraction of light in the normal direction by the 
integrated 2D PC (PQ) structure. The optimal resultant 
LED with (4, 82) lattices of circular pillars exhibits the 
significant improvement in light extraction, up to 3 times 
that of the LED without the PC integration. The predictive 
conditions for the optimal design from the dispersion 
relations through the PWEM calculations are consistent 
with the results of the best extraction enhancement through 
the 3D FEM simulations. This Archimedean PC structure 
can be fabricated without the complex form of the lattice 
pattern and can be a promising candidate for efficient 
LEDs. 
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