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To enhance the light extraction efficiency of traditional light-emitting diodes (LEDs) by reducing the total internal reflection,
an omni-directional reflector (ODR) and photonic crystal are adopted in the paper. The structures of photonic crystal and
the ODR are designed by diffraction theory and finite difference time domain (FDTD) method. The photonic crystal is
employed in the p-GaN layer and the ODR composed of TiO2/SiO2 is designed between the active region and substrate. The
simulation results indicate that the light extraction of LEDs can be enhanced by 11.6 times, and the external quantum

efficiency of LEDs will be effectively improved.
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The development of LEDs is limited because of their low
output power. Hence, it is a crucial issue to improve the quan-
tum efficiency of LEDs. This can be achieved by improving
internal quantum efficiency or light extraction efficiency. The
internal quantum efficiency has been greatly enhanced ow-
ing to high quality materials[1] and crystal growth[2]

technology. Therefore, how to improve light extraction has
been one of the hotspots at home and abroad recently.

There are two reasons to explain the low light extraction
efficiency of traditional LEDs. First, because of the total in-
ternal reflection at the interface between the outer medium
and semiconductor, most light forms guided modes in the
active region rather than radiation modes[3]. Second, the sub-
strate of LEDs is generally thick, so a large part of energy
radiated into the substrate will be absorbed. Generally the
light extraction efficiency is only 4%[4].

Aiming at the former, there are many methods to increase
the efficiency[5-8]. Among them, photonic crystal is consid-
ered as a potential structure because of its large enhance-
ment of light efficiency[4]. Currently, the feasible fabrication
of photonic crystal incorporated in GaN-based LEDs has been
investigated and implemented.

For the latter, an ODR employed between the substrate
and active region reflects the downward light to reduce en-
ergy loss in the substrate. The efficiency could be effectively
increased by the ODR[3]. Lin et al.[9] have proved that the
ODR composed of TiO2/SiO2 does have better performance

than a metallic ODR.
The simulation methods adopted in the paper are diffrac-

tion theory and FDTD. Photonic crystal is designed on the
top surface to extract the guided mode, while a composite
distributed Bragg reflector (DBR) as an ODR is employed
between quantum wells and the substrate to reflect the down-
ward light. Simulation results indicate that the designed struc-
ture can enhance the light extraction by 11.6 times, which
effectively increases the external quantum efficiency of LEDs.

Fig.1 shows the LED structure with photonic crystal and
a composite DBR. The structure consists of a 5 m-thick
substrate, two DBRs with different parameters as an ODR, a
3.5 m-thick n-GaN layer, a multiple quantum-well (MQW)
which is composed of five periods of 3 nm/7 nm-thick InGaN-
GaN well, and a 0.2 m p-GaN layer. The photonic crystal is
designed in the p-GaN layer. The light wavelength emitted
from the blue GaN-based LED is 460 nm.
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Fig.1 Schematic structure of the designed LED
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The reflectivity of a DBR is proportional to periods of
the DBR and the refractive index discrepancy between two
materials. Some reports have also demonstrated that the DBR
composed of TiO2/SiO2 can obviously increase light extrac-
tion of LEDs[3, 6].

The refractive indices of TiO2 and SiO2 are respectively
1.48 and 2.52. Fig.2 shows the reflection spectrum of the
first DBR by rigorous coupled wave analysis (RCWA)
method.  And the thicknesses of TiO2 and SiO2 are 78 nm
and 46 nm. As shown in Fig.2, the central wavelength of
reflection spectrum is about 460 nm, and its reflectivity is
close to 1. Because the incident angle is 90o, the DBR can
ideally reflect blue light with a small incident angle. Fig.3
illustrates the relationship between the reflectivity of the first
DBR and incident angle. When the angle is very small or
quite large, the DBR can reflect incident light very well. If
the incident angle is between 30o and 50o, the curve vibrates
acutely, which degenerates the reflection effect of the DBR.
Consequently, two DBRs are introduced into LED structure
as an ODR to ameliorate the reflectivity for an arbitrary inci-
dent angle.

Fig.2 Reflection spectrum of the first DBR (normal incid-
ence)

Fig.3 Relationship between the reflectivity of the first DBR
and incident angle

After simulations, for the second DBR, the reasonable

thicknesses of TiO2 and SiO2 are 116 nm and 69 nm respec-
tively to reflect light with incident angle between 30o and
50o. Fig.4 shows the relationship between its reflectivity and
incident angle. When the incident angle is larger than 22o,
the DBR can effectively reflect the incident light.

Fig.4 Relationship between the reflectivity of the second
DBR and incident angle

At last, we combine the two DBRs together. The rela-
tionship between the reflectivity of the composite DBR and
incident angle is shown in Fig.5. The curve slightly fluctu-
ates with small incident angles, but the reflectivity is still
larger than 0.99, and it is close to 1 at other angles. That is to
say, the composite DBR can effectively reflect light with an
arbitrary incident angle. The structure can excellently act as
an ODR which reflects the downward light to prevent propa-
gating into the substrate.

Fig.5 Relationship between the reflectivity of the com-
posite DBR and incident angle

In simulations, the extracted electric-field intensity of pla-
nar LEDs, in which there is no photonic crystals, will be
normalized. The light extraction efficiency of LEDs with pho-
tonic crystals depends on the parameters of photonic crystals,
such as the lattice constant (a) and the depth of photonic
crystals.

In Fig.6, we find that the electric-field intensity can mostly
increase to 1.2-2.2 times of that without photonic crystals.
And the intensity can be enhanced to 2.1 when the lattice
constant is 0.8 m and the depth equals to 0.18 m. Fig.7
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describes the relationship between the transmittivity and in-
cident angle for photonic crystal LED and planar LED. The
transmittivity of the planar LED is basically zero when inci-
dent angle is greater than the critical angle, but it can be sig-
nificantly increased by the photonic crystal. When the inci-
dent angle is smaller than the critical one, the transmittivity
of the photonic crystal LED is smaller than that of the planar
LED. But it can be generally improved obviously by photo-
nic crystal, because of light from LEDs emitted randomly.

Fig.8 illustrates the relationship between the extracted
electric-field intensity and photonic crystal lattice constant
when its depth equals to 0.18 m. If the lattice constant is
smaller than 0.2 m, the intensity is fairly slight. It can be
enhanced to 1.2-1.7 for other lattice constants, and the peaks,
2.3 and 2.1, come out when the lattice constant equals to 0.3

m and 0.8 m. Hence the intensity can be close to 2.1 when
the lattice constant and depth of photonic crystal equal to 0.
8 m and 0.18 m respectively.

There are three structures to be simulated: the photonic
crystal LED, that with a single DBR and that with a compos-
ite DBR. The lattice constant is 0.8 m. In Fig.9, because the

Fig.6 Relationship between the extracted electric-field
intensity and photonic crystal depth

Fig.7 Relationship between the transmittivity and inci-
dent angle for planar LED and photonic crystal LED

Fig.8 Relationship between the extracted electric-field
intensity and photonic crystal period

downward light is radiated into the substrate which reduces
the light extraction, the maximal intensity of photonic crys-
tal LED is only about 2.1. The DBR can solve the problem.
However one DBR only can reflect light with some certain
incident angles, while the composite DBR can reflect light
with any angles. As  shown in Fig.9, the peak appears when
the depth of photonic crystal equals to 0.18 m. In the case,
the extracted electric-field intensity of photonic crystal LED
with a single DBR is about 3, while it comes up to 3.4 with a
composite DBR. That is to say, the light extraction of power
can be enhanced by 11.6 times.

Fig.9 Relationship between the extracted electric-field
intensity and photonic crystal depth for different struc-
tures

In Fig.8, when the lattice constant is smaller than 0.3 m,
the enhancement is very small, because the photonic crystal
can not diffract the light with 460 nm wavelength. However
the light extraction is effectively enhanced by the diffraction
of photonic crystal when lattice constant is larger than 0.2

m. The relationship between the extraction enhancement
and the bandgap of photonic crystal is investigated in Ref.
[1]. There is a bandgap when the ratio of the lattice constant
to the light wavelength equals to 0.6. Therefore, the light can
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not propagate along the horizontal direction, while there is
no limitation in the vertical direction. In conclusion, the ex-
traction enhancement is due to the bandgap, diffraction of
the photonic crystal and reflection of the composite DBR.

By using the photonic crystal structure and the composite
DBR, light extraction of power can be enhanced by 11.6
times. The structure and materials of LEDs can be investi-
gated to improve the light extraction in the next work, for
example, the thin film LED structure. Furthermore, duty ra-
tio of the photonic crystal will be considered.
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