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Light extraction efficiency of organic light emitting diode (OLED) based on various photonic crystal slab
(PCS) structures was studied. By using the finite-difference time-domain (FDTD) method, we investigated
the effect of several parameters, including filling factor and lattice constant, on the enhancement of light
extraction efficiency of three basic PCSs, and got the most effective one. Two novel designs of “interlaced”
and “double-interlaced” PCS structures based on the most effective basic PCS structure were introduced,
and the “interlaced” one was proved to be even more efficient than its prototype. Large enhancement of
light extraction efficiency resulted from the coupling to leaky modes in the expended light cone of a band
structure, the diffraction in the space between columns, as well as the strong scattering at indium-tin-
oxide/glass interfaces.

OCIS codes: 230.0230, 220.0220, 160.4670.

Four major loss mechanisms are combined to determine
the efficiency of an organic light emitting diode (OLED),
they are: the balance between the number of positive
and negative charges injected into organic layer, the
ratio of singlets to triplets in excitons, the photolumi-
nescent quantum efficiency, and optical output coupling
efficiency. The first three loss mechanisms have been
widely understood and optimized[1−9], and there are also
some methods introduced to improve the optical output
coupling efficiency, including increasing the roughness of
the top surface of glass substrate, applying lenses on the
surface, reducing the thickness of indium-tin-oxide (ITO)
layer, and introducing into the ITO/glass interface with
aerogel or photonic crystal slabs (PCSs)[10−21]. However,
the optical output coupling efficiency still remains small
(0.3).

A schematic diagram of OLED structure is shown
in Fig. 1(a), where only light emitted at an angle less
than the critical angle can escape from the ITO/glass or
glass/air interface, all other light is internally reflected
back into the device. The light trapped within the device

Fig. 1. (a) The light emission from a typical OLED device
can be divided into three types of modes, external modes
those are able to escape through the surface, and two waveg-
uide modes which are trapped either in the substrate or in
the organic/ITO layers of the device. (b) After adding PCS
structure on the SiNx layer between ITO and glass, the or-
ganic/ITO modes reduce dramatically, and thus increase the
efficiency of OLED.

will be waveguided, eventually becoming either absorbed
or emitted from the edge of the substrate, and the frac-
tion of high index (ITO/organic) guided mode takes up
almost 50% of the total energy. In this paper, we propose
new design of PCS structure on the ITO/glass interface,
as shown in Fig. 1(b), which could dramatically increase
the efficiency of OLED.

Optimization of the PCS is difficult, because it in-
volves solving a multi-parameter inverse problem. There
are countless combinations of lattice symmetry, scat-
tering object shape, lattice constant, filling factor and
height of PCS, but it is impossible to say which one
gives the most efficient PCS structure in releasing the
trapped energy in ITO/organic layer. A systematic al-
gorithm still lacks, and the design is based on several
rules of thumb. It is known that high light extraction
efficiency will be gotten from the OLED based on the
PCS that satisfies the following criteria: Brillouin zone
is close to a circle; shape of scattering objects matches
the symmetry of Brillouin zone; the lattice constant of
PCS should be in the vicinity of the vacuum wavelength
of the incident light. In the following, we will introduce
into OLED three basic PCS structures according to these
criteria, and find the most effective one for enhancing
the light extraction efficiency.

Because the defects on ITO layer will result in current
leakage, we introduce SiNx layer onto ITO as a buffer
layer, and deploy the PCS on it in the simulation, as
shown in Fig. 1(b). Furthermore, considering the com-
plexity of the objects, we employ the finite-difference
time-domain (FDTD)[22] method for simulations.

We intercept the region on x-z-y slab as 3 × 3 × 4
(µm) for calculation, put four perfect reflectors at the
domain boundaries, and temporally integrate the energy
extracted into the air up to the average time needed
for photons to reach the surface of the unit of OLED.
Meanwhile, perfectly matched layer (PML) boundary
condition (0.5 µm) is put on y axis. The grid size is
0.01 µm in all the three dimensions and the time step is
∆t = 0.005 µm/c with c being the velocity of light. At
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the place when y = −1.5 µm, we put continued guided-
wave as source in the organic layer and with its vacuum
wavelength of 0.56 µm. Each calculation cell is setup
repeatedly.

The relative light extraction efficiency Er is defined
as the ratio of light extraction efficiency of OLEDs with
PCS structures E to those without PCS structures E0.

The simulation is now targeted to examine Er of the
OLED based on the three kinds of basic PCS structures
shown in Fig. 2, and find the most effective PCS design
under optimized geometric parameters for further discus-
sion. Three parameters are involved in the simulation,
they are constant lattice P , height of PCS H and filling
factor which is defined as R = Da/P or R = L/P , where
Da is the diameter of the cylinder unit cells and L is the
side length of square or hexagon unit cells in different
structures.

As to the PCS with square lattice of cylinder cells,

Fig. 2. PCS structures with square lattice of cylinder unit
cells (a), with square lattice of square unit cells (b), and with
triangular lattice of hexagon unit cells (c), introduced into
the ITO/glass interface.

Fig. 3. Relative light extraction efficiency Er versus filling
factor R under different constant lattices P and Er versus P

under different heights of PCH H for PCSs with square lat-
tice of cylinder unit cells (a, b), square lattice of square unit
cells (c, d) and triangular lattice of hexagon unit cells (e, f).

we get the diagram of R versus Er under different P , as
shown in Fig. 3(a). When P > 0.2 µm, all values of Er

reach extrema at R = 0.5, namely Da = 0.5P ; and when
P = 0.6 µm, Er reaches its maximum (1.5083), which
matches well with precious experimental result[18].

Setting R = 0.5, the relationship between Er and P
could be seen more clearly in Fig. 3(b). Firstly, since we
scan P from 0.1 to 0.7 µm with a relative large step of 0.1
µm, we adopt 0.04 µm as the step to further scan P from
0.1 to 0.3 µm and get the result shown in the inset of
Fig. 3(b), from which we can observe the cut-off lattice
constant, Pc ≈ λ/(neff + 1), where neff is the effective
index of the PCS layer (∼ 1.8). Below this cut-off value,
leaky waves remain trapped in the glass substrate. Sec-
ondly, we can get the conclusion similar to Fig. 3(a), Er

reaches the maximum (1.5083) when P = 0.6 µm, which
approximates vacuum wavelength of the incident light
(0.56 µm). Restricted by techniques[18], we adopt two
groups of height values, 0.1 and 0.2, for simulation.

For PCS with triangular lattice of hexagon unit cells,
when R > 0.7, namely L > 0.7P , the layer will turn to
be homogeneous medium, so we limit R ≤ 0.7 for this
PCS. As shown in Figs. 3(c) and (e), Er of OLED, based
on PCS with square lattice of square unit cells and on
PCS with triangular lattice of hexagon unit cells, respec-
tively reaches its maximum at 1.6857 when R = 0.7 and
at 1.9112 when R = 0.4. Conclusions drawn from Figs.
3(d) and (f) are similar to those from Fig. 3(b).

From the above discussion, we can find that all of the
three designs can enhance the light extraction efficiency
of OLED dramatically, and among them, the PCS with
triangular lattice of hexagon unit cells is the most
effective structure with the increase of light extraction
efficiency of 0.91. Thus we will introduce into ITO layer
with two other new PCSs based on this basic structure
to get more efficient OELD.

Firstly, we introduce another group of triangular lat-
tice of hexagon cells into the basic PCS, as shown in Fig.
4(a). The relationships between Er and R as well as P
are shown in Figs. 5(a) and (b), from which we can see
that Er reaches its maximum at 2.0517 when R = 0.35
and P = 0.6 µm, and this proves that this “interlaced”
PCS structure is more effective than the original one.

Further, we add the third group triangular lattice of
hexagon cells into the structure, as shown in Fig. 4(b).
Since the PCS layer turns to be homogeneous medium
when R = 3.3, we scan R from 0.5 to 3.5 with step 0.3.
The maximal value of Er at 1.7183 when R = 2.6 and
P = 0.6 µm is gotten, as shown Figs. 5(c) and (d), which
means that the “double interlaced” PCS degenerates.

Fig. 4. PCSs with “interlaced” (a) and “double-interlaced”
(b) triangular lattice of hexagon cells by introducing more
triangular lattices of hexagon cells into the original structure.
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Fig. 5. Relative light-extraction-efficiency Er versus filling
factor R under different constant lattices P and Er versus P

under different heights of PCS H for PCS with “interlaced”
(a, b) and “double-interlaced” triangular lattice of hexagon
cells (c, d).

Now let us discuss the physical mechanism of enhance-
ment by analyzing the energy distribution of output
light in x-z plane and the band diagram of PCS. The
first physical mechanism of the enhancement of the light
extraction efficiency is the expanded escape cone of the
internal light by a low effective refractive index of the “di-
luted semiconductor”, namely, the average PCS medium
is composed of ITO and glass which have relative small
refractive index. However, the laterally directed light
cannot be extracted from a simple diluted semiconductor.
The second effect is that the lateral light is converted to

Fig. 6. Energy distribution of output light for PCS with
no PCS structures (a), square lattice of cylinder unit cells
(b), square lattice of square unit cells (c), triangular lattice
of hexagon unit cells (d), “interlaced” triangular lattice of
hexagon cells (e), and “double-interlaced” triangular lattice
of hexagon cells (f).

the light toward vertical directions by the diffraction in
the space between columns and the strong scattering at
ITO/glass interfaces; we could observe this phenomenon
in the following simulation.

As shown in Fig. 6, sampling at Tc = 20 µm/c, Tc is the
interception time of sampling, we get the energy distri-
bution of output light on horizontal plane (x-z plane) of
OLED with five PCS structures mentioned above respec-
tively. In the OLED without any PCS layer, the output
energy is not continuously distributed along the propaga-
tion direction, since it is instantaneously sampled at Tc.
Comparing Fig. 6(a) with others, we can clearly observe
that after adding the PCS structure, the distribution of
output light energy changes from continuous distribution
which is perpendicular to the propagation direction to
distribution mainly in the inter-space between columns.

As mentioned above, the different light extraction
efficiencies originate partly from lower effective refrac-
tive index of the “diluted semiconductor”, which could
be discussed using band structures. The effective two-
dimensional (2D) transverse electric (TE) band struc-
tures for three lattices (square lattice of cylinder cells,
short for “square lattice”; triangular lattice of hexagon
cells, short for “triangular lattice”; “interlaced” triangu-
lar lattice of hexagon cells, short for “interlaced lattice”)
are shown in Fig. 7. Effective refractive index used in
this 2D calculation is 1.8. Dotted lines in the band struc-
tures represent the light line. Modes above the light lines

Fig. 7. 2D photonic band structure of square lattice of cylin-
der unit cells (a), triangular lattice of hexagon cells (b), and
“interlaced” triangular lattice of hexagon cells (c) for the TE
polarization. Dotted lines represent the light line above which
all the modes are leaky and couple to free space.
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are leaky and couple to free space (gray area)[16,23]. The
bands of the triangular lattice are much denser than those
of the square lattice. Note several flat bands around the
normalized frequency of 1.0 in three diagrams. The nor-
malized frequency 1.0 approximately corresponds to the
lattice constant of 0.6 µm. This is the main reason for the
peak enhancement with the lattice constant of 0.6 µm.
In the normalized frequency larger than 0.3, the portion
of guided modes is negligible in comparison with that of
leaky modes and there are much more leaky modes of
interlaced lattice around normalized frequency 1.0 com-
pared with the other two lattices. This is responsible
for the relatively large enhancement of interlaced lattice
in comparison with the other two lattices in the lattice
constant range of 0.2—0.6 µm. Therefore, the “inter-
laced” triangular lattice of hexagon cells shown in Fig.
4(a) might be the best one in the three kinds of lattices.

We introduce into ITO layer with three basic designs
of PCS, all of which follow the design criteria, and by
comparing Er of OLED based on these three PCS struc-
tures, we find that the filling factor has important im-
pact on Er, and the value corresponding to the maxi-
mal Er changes from 0.4 to 0.75 along with the vari-
ety of unit cell shape; under optimized filling factors,
Er reaches its maximum when lattice constant equates
0.6 µm, which approximates the vacuum wavelength of
the incident light. We get the most effective basic de-
sign, the PCS with triangular lattice of hexagon unit
cells, and, further, we introduce other groups of the
same PCS into it to form the “interlaced” and “double-
interlaced” PCSs with triangular lattice of hexagon unit
cells, and the so-called “interlaced” PCS is proved to be
even more effective than the original design in enhancing
Er of OLED. By examining the energy distribution of
output light in horizontal plane and the band structure
of two typical PCS structures, we discuss two physical
mechanisms of the enhancement. Discussions about the
design process, impact of parameters of PCS as well as
physical mechanisms provide new ideas to further im-
prove the performance of OLED and other areas related
to the transmission-enhancement or anti-reflection in vis-
ible spectrum.
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