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The positive z direction relative light extraction efficiency of GaN light-emitting diodes with microstructure slab

is calculated by three-dimensional finite-difference time-domain method, where the microstructure slab consists of a

graphite lattice of pillars. The results show that the two-dimensional graphite-arranged pillars suppress light extraction.

When there is a thick pillar in the middle of the pillars, the structure can enhance light extraction of the light-emitting

diodes. The tower-like pillars, which are thin on the top of the pillars and thick on the bottom of the pillars, benefit

the light extraction when the angle of the tower-like pillars is proper.
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1. Introduction

Light-emitting diodes (LEDs) have the poten-
tial to be low-cost and long lifetime solid-state light-
ing source for applications as varied as room light-
ing to displays.»? Unfortunately, there is a signifi-
cant discrepancy between the high internal efficiency
Most of the
generated light is never emitted from LEDs, but is

and poor external efficiency of LEDs.

lost to guided modes within the high dielectric ma-
terial. Depending on the Snell law, the extraction
efficiency of the conventional planar LEDs can be as
poor as 1/(4n?) ~1/50, where n=3.5 is the refractive
index of the LEDs cladding material. A number of

[3=6] such as surface roughness, resonant cav-

schemes,
ities and surface plasmon, etc., attempted to overcome
the poor extraction efficiency of LEDs, and all these

methods allow up to 30% external efficiency LEDs.

Since it was suggested that the photonic crys-

tal (PC) structure can enhance light extraction

[8-10] has been made

efficiency,l”) rapid progress
mainly in the enhancement of light extraction by
two-dimensional (2D) PCs from GaAs/GaAlAs or In-
GaAsP/InP LED, which are expected to emit red light
or infrared light. Recently, there is a breakthrough
in ITI-nitride LEDs, the nanofabrication of PCs on
InGaN/GaN LEDs is reported.'*!2] This is crucial
for improvement of the extraction efficiency of the
blue/green and ultraviolet LEDs based on III-nitride
wide band gap semiconductors.

All the works involve a 2D PC consisting of a tri-
angular lattice of holes. However, an expected prob-
lem with this kind of microstructure is the surface re-
combination at sidewalls of holes, which degrades the
internal efficiency.!'® In this paper, we discuss the ef-
fects of a microstructure slab, which consists of dielec-
tric pillars in air, on light extraction of GaN LED. This
kind of microstructure is expected to get photonic
band gaps (PBGs) easily for small refractive index ma-

terial and minimize the surface recombination.[14-1%]
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2.The relative light extraction ef-
ficiency of the PC LED

Figure 1(a) shows a simplified model of an
ordinary planar LED with uniform GaN material
cladding. Figure 1(b) shows a simplified model of
a LED with a graphite lattice of dielectric pillars,
like 2D PCs, etched in GaN cladding, we call it the
PC LED model. The width L, and L, of the or-
dinary LED model are the same as that of the PC

LED model, they are L,=5276.7nm, L,=4737.0nm.
The thickness of the active region of the two models
is 40nm. The lattice constant and the pillars radius
of the PCs in Fig.1(b) are a=298.1nm, r=89.4nm re-
spectively. The notations L and A in Fig.1 denote the
thickness of the LED cladding and the height of the
dielectric pillars respectively. The permittivity of the
semiconductor in cladding layer and active region are
5.8, 5.4 respectively.6] Here, we only show the X-Z
plane of the ordinary LED in Fig.1(a).

Fig.1. Schematic diagram of the simplified LEDs with the width, L;=5276.7nm, L,=4737.0nm and
a 40nm thickness active region. (a) A simplified model of an ordinary planar LED. (b) A simplified

model of LED with graphite-arranged pillars etched in GaN cladding.

Since we are concerned about the effects of the
pillars slab on light extraction from the positive z
direction of the LED, the optical energy extracted
from a LED is computed in a fixed plane which
is above the LED and perpendicular to the z axis
by the three-dimensional finite-difference time-domain
(FDTD) method. In the FDTD calculation, a point
dipole source with emission spectrum from 455nm to
485nm, which is in the PBG produced by the 2D PC
pillars, is put in the middle of the active region, and
the uniaxial perfectly matched layer (UPML), which
surrounds the model, is employed as the absorbing
boundary condition. When the optical output energy
of the PC LED has been divided by that of an ordi-
nary LED which has the same L, L, L, with the PC
LED, the relative light extraction efficiency of the PC
LED can be given. Considering that the pillars may
inhibit the emission of radiation, in our discussion, the

pillars in the cladding of the LED.

The relative light extraction efficiency of the PC
LED in Fig.1(b) is shown in Fig.2, where L —h=40nm.
We denote this situation as light extraction varying
with absolute height of the pillars. The relative light
extraction efficiency varies only with h as shown in
Fig.3, where L=500nm. We denote this situation as
light extraction varying with relative height of the pil-

lars.
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Fig.2. Relative light extraction efficiency of the PC
LED varying with L and h, where L — h=40nm.
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Fig.3. Relative light extraction efficiency of the PC
LED varying only with A, where L=500nm.
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From Fig.2, one can observe that the relative light
extraction efficiency is smaller than 1; moreover, the
relative light extraction efficiency is descending with
the rising height of the pillars, but its descending
speed decreases. In Fig.3, the result shows that the
relative light extraction efficiency trends to 1 when the
relative height of the pillars decreases. This means
that the light extraction efficiency of the PC LED
trends to that of the ordinary LED when the rela-
tive height of the pillars decreases. It is not difficult
to understand this result, because the PC LED trends
to an ordinary planar LED when the relative height
of the pillars decreases.

These results imply that the microstructure of pil-
lars suppresses the light extraction.

The reason why the optical output energy of
the PC LED is smaller than that of the ordinary
LED can be given by the spatial distribution of the
The spatial distribution of
the electric-field intension is shown in Fig.4, where
Fig.4(a) and Fig.4(b) show the distribution of the
ordinary LED with the thickness of cladding layer,
L=980nm, in the X-Y plane and in the X—Z plane
respectively. Fig.4(c) and Fig.4(d) show the distribu-
tion of the PC LED with the thickness of cladding
layer, L=980nm, the height of the pillars, h=940nm,
in the X-Y plane and in the X—Z plane respectively.

electric-field intension.

Contrasting Fig.4(a) with Fig.4(c), one can observe
that the area of the light extraction for the planar
LED is far bigger than that for the PC LED. At the
same time, contrasting Fig.4(b) with Fig.4(d), one can
see clearly that the pillars confine light to the z direc-
tion. We can explain the reason as follows: because
the emission spectrum is in the PBG, when the light
reaches the microstructure slab, it cannot spread lat-
erally; the only direction that the light can spread is
along the z direction. Thus, a small part of the light
whose direction is along the positive z direction can
escape from the LED, but most parts of the light are
reflected and absorbed by the UPML boundary. From
Fig.4, it seems that the pillars reduce the area of the
light extraction, and the higher the height of the pil-
lars are, the smaller the area of the light extraction
is. This reason induces that the optical output energy
of the PC LED is smaller than that of the ordinary
LED, and the relative light extraction efficiency of the
PC LED descends with the rising of the height of the
pillars.

Since a small area of light extraction results in

small output energy for the PC LED, a new PC LED

model with a thick GaN pillar in the middle of the
pillars region is shown in Fig.5. We call it the middle
pillar PC LED. The radius of the thick middle pillar

is R=m X a+ r, where m is a positive number.

Fig.4. Electric-field intension distributes in the XY plane
and in the X-Z plane, respectively. (a) The distribution of
the ordinary LED in the X-Y plane. (b) The distribution
of the ordinary LED in the X—Z plane. The thickness of
cladding layer of the ordinary LED is L=980nm. (c) The
distribution of the PC LED in the X-Y plane. (d) The
distribution of the PC LED in the X—Z plane. The thick-
ness of cladding layer and the height of the PC pillars are
L=980nm, h=940nm respectively.

I I
i

Fig.5. Schematic diagram of the middle pillar PC LED. The
radius of the thick middle pillar is R=m X a + r.

When we choose L=520nm, h=480nm, the rela-
tive light extraction efficiency of the middle pillar PC
LED, which varies with m, is shown in Fig.6. One can
observe in Fig.6 that the relative light extraction effi-
ciency is greater than 1, which means that the optical
output energy of the middle pillar PC LED is greater
than that of the ordinary LED. In addition, the results
show that there is very different relative light extrac-
tion efficiency if the thick middle pillar has different
radius. The curve shows an evident tendency that the
relative light extraction efficiency descends with the
rising of the middle pillar radius m, but it jumps up
when the radius is about R = 3a + r. Moreover, the
relative light extraction efficiency is the biggest when

m=3.
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Fig.6. Relative light extraction efficiency of the mid-
dle pillar PC LED varies with m. The parameters of
the model are L=520nm, h=480nm.

The main reason for this phenomenon is scatter-
ing, which can be explained qualitatively as following:
according to the Snell law, the critical angle of total
reflection from GalN to vacuum is about 24.5°. Thus,
total reflection occurs when the light ray reaches out-
side the circle area (R = 0.49a + r) on the surface of

the LED. This result indicates that the light output
energy does not ascend any more with the rising of
the radius of the middle pillar when the radius is big-
ger than m=0.5. In addition, the bigger the radius of
the middle pillar is, the much more the middle pillar
PC LED tends to the ordinary LED. This implies that
the relative light extraction efficiency will trend to 1
with the rising of the radius of the middle pillar. The
relative light extraction efficiency sharply increases at
m=3, this effect must be due to sharp enlargement of
the diffraction limit for this structure. The effect of
the cylinders, which surround the thick middle pillar,
is to block the light propagating laterally. These re-
sults can be seen clearly by comparing the figures of
Fig.7 with each other. Figs.7(a), (b) and (c) are spa-
tial distribution of the electric-field intension of the
middle pillar PC LED in X-Y plane, the radius of
the middle pillar are m=0.5, 3, 5 respectively.

Fig.7. The distribution of the electric-field intension of the middle pillar PC LED in X-Y
plane. (a), (b) and (c) are the spatial distribution with radius of the middle pillar, m=0.5,

3, 5, respectively.

3.Influence of the tower-like pil-
lars

It is well known that instead of straight micropil-
lars etched in semiconductor cladding, tower-like mi-
cropillars, which are thin on the top and thick on the

[13] Then we

bottom, are much realistic in practice.
discuss the situation that the relative light extraction
efficiency of the PC LED with tower-like pillars, which

we call the tower-like PC LED, varies with angle .

[ is a angle between the slant face of the tower-like
pillars and the negative direction of the z axis.

The tower-like PC LED model is the same as the
PC LED model in Fig.1(b) except for the shape of the
pillars, which are tower-like pillars for the tower-like
PC LED model, but straight pillars for the PC LED
model. They have the same L., L, and thickness of
the active region. L and h of the tower-like PC LED
are 520nm and 480nm respectively. Other parameters

of the tower-like pillars are shown in Table 1.

Table 1. Parameters of the tower-like pillars.

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
Top radius/a 0.2 0.2 0.2 0.2 0.2 0.2
Bottom radius/a 0.25 0.30 0.35 0.40 0.45 0.50
B/(°) 1.94 3.88 5.80 7.72 9.61 11.49
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The relative light extraction efficiency of the
tower-like PC LED varies with 3, as shown in Fig.8.
First,

the relative light extraction efficiency is smaller than

Two features can be observed in this figure.
1 and descends with rising 4 in the mass. Second,
the curve is protuberant at about 5.80°. The biggest
relative light extraction efficiency is 0.3895. In addi-
tion, in Fig.2 the relative light extraction efficiency is
0.3610 when L=500nm and h=460nm. Comparing
the two relative light extraction efficiencies, we can
find that although L and h in Fig.8 are bigger than
that in Fig.2, when there is a proper value of 3, the
relative light extraction efficiency of the tower-like PC
LED is bigger than that of the PC LED. On the side of
enlarging the light extraction of LED, this result im-
plies that the tower-like pillars benefit light extraction

when there is a proper angle.
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Relative light extraction efficiency

Fig.8. Relative light extraction efficiency of the tower-
like PC LED varies with 8. The parameters of the
tower-like PC LED are L=520nm and h=480nm.

Because the relative light extraction efficiency of
the tower-like PC LED is smaller than that of the or-
dinary LED, based on the same reason, we study the
tower-like middle pillar PC LED, which is tower-like
PC LED with a thick GaN pillar in the middle of the
pillars region. The radius of the thick middle pillar is
R =m x a+ 7', where r’ is the bottom radius of the
tower-like pillars.

The relative light extraction efficiency of the
tower-like middle pillar PC LED is shown in Fig.9,
where L, h, the top radius and the bottom radius of
the tower-like pillars are 520nm, 480nm, 0.20a and
0.35a respectively. Contrasting Fig.9 with Fig.6, one
can see that except the same characters as those of the
middle pillar PC LED, such as that the relative light
extraction efficiency is bigger than 1, the relative light
extraction efficiency is the highest when m=3, etc., the
tower-like middle pillar PC LED has two special char-

acters. First, the relative light extraction efficiency is
bigger than that of the corresponding middle pillar PC
LED except the case m=0.5. This implies again that
the tower-like pillars benefit light extraction when the
angle (3 is proper. Second, with variety of m, the rel-
ative light extraction efficiency has a wavelike change.
This character is very different from that of the middle
pillar PC LED, which has the trend that the relative

light extraction efficiency descends with rising m in

the mass.
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Fig.9. Relative light extraction efficiency of the tower-
like middle pillar PC LED vary with m. The parame-
ters, L, h, the top radius and the bottom radius of the
tower-like pillars are 520nm, 480nm, 0.20a and 0.35a

respectively.

4. Conclusion

In conclusion, we have discussed the effects of the
microstructure slab on light extraction of GaN LED
in positive z direction, where the slab consists of a
graphite lattice of pillars. The results show that the
PCs slab of graphite arrangement GaN pillars can stop
light propagating laterally, but it suppresses light ex-
traction simultaneously. When there is a thick GaN
pillar in the middle of the slab, the light extraction
of the LED is bigger than that of the ordinary LED
due to scattering. In addition, because the tower-like
pillars are much realistic in fabricating PCs, we have
discussed the effect of the tower-like pillars on light
extraction of the GaN LED, the results show that the
tower-like pillars have small influence on light extrac-
tion, when there are proper angles, the tower-like pil-
lars benefit the light extraction. Based on this cal-
culating result, we can use a lower standard in fabri-
cating PCs. When the radius of the middle pillar is
3a + r, the relative light extraction efficiency is the
highest for either the middle pillar PC LED or the
tower-like middle pillar PC LED.
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