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ABSTRACT: This paper presents the investigation of enhancement in the extraction efficiency of the light
emitting diode incorporating Photonic Crystal (PhC) based structure with hole pattern. PhC’s were investigated
on GaN/InGaN based multiple quantum well (MQW) blue LEDs. Peak emission wavelength of 460nm was
considered for the simulations. LEDs with both top and bottom-side PhC’s were considered in order to achieve
the optimal light extraction efficiency. The design parameters like radius, lattice constant and thickness of the of
PhCs are considered along with the distance of PhC from the QW. Results reveal that the increased efficiency is

mainly due to scattering through PhC structures.
INTRODUCTION

With the wide spread of blue-white GaN-based light emitting diode (LED) markets, including

backlighting and illumination, there arises a strong demand for efficient LEDs. Though the internal
quantum efficiency of GaN based LEDs has reached upto 80% due to high quality growth of epitaxial
layers, the external quantum efficiency of the device is still lower. This efficiency is limited by low-
light extraction efficiency because of total internal reflection (TIR) at LED surfaces, which leads to
undesired optical absorption with in the device itself. Light can be extracted only when the incident
angle is smaller than the critical value, which is about 23.5° at the interface between GaN and the air
[1]. The TIR limits the light extraction efficiency up to approximately 4% per surface in the
conventional GaN-based LEDs. Many approaches have been attempted to overcome the poor
extraction efficiency of LEDs such as changing the LED chip shape [2], photon recycling [3],
coupling to surface plasmon modes [4], or roughening the surface [5]. Recently, an approach using
photonic crystals (PhCs) has been adopted to dramatically enhance light extraction efficiency [6][8].
The main purpose of this method is to avoid total internal reflection and to prevent the lateral
propagation of light—-waveguide effect. PhC structure changes the incident angle of propagated light
by diffraction, which enhances the light extraction efficiency [9-10].

This paper presents the design optimization and analysis of the GaN blue LED consisting of PhC
structures. For this purpose the light propagation and extraction of PhC based LEDs are simulated
using the finite-difference time-domain method for various structures using Crystal Wave software

tool from the Photon Design, UK.


mailto:sri.vani.padma@gmail.com
mailto:spal@ceeri.ernet.in

SIMULATION RESULTS AND DISCUSSION

Simulations are carried out by considering GaN/InGaN based MQW blue LED [11]. Peak emission
wavelength of 460 nm with FWHM of 20.4 nm was achieved for this structure. Enhancement in the
light extraction efficiency of this LED structure was verified by incorporating PhC with hole type
pattern. The hole was considered to be circular in geometry. In this regard, we investigated the
enhancement in the extraction efficiency of the device based on several factors like the position of the
PhC structure in LED i.e either on top p-GaN or within bottom n-GaN, the effect of thickness (d) of
the PhC, effect of lattice constant(a) as well as radius(r) of the PhC. Figs.1(a) and 1(b) show the
schematics of the proposed LED structure incorporating (a) top PhC and (b) bottom PhC.
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Fig 1: Schematic of GaN LED strcture with (a) top PhC indicating its lattice constant a, thickness d
and radius r and (b) bottom-based PhC.

Calculation of the light extraction efficiency of the PhC based LED:

In this section, we calculate the enhancement factor of the LEDs by using various PhC structures with
hexagonal lattice consisting of air holes. PhC parameters such as the lattice constant a, the PhC
thickness d, the ratio of hole radius to lattice constant r/a, and the position of the PhC were
considered. The enhancement factor is calculated as (Epnc — Enopnc)/Enopnc, Where Epyc and Egppc are
the total energies of light escape from the LED with and without the PhC, respectively [9]. In this
way, we can find the optimal design of a PhC LED for high enhancement of light extraction and

compare the enhancement when using top-side and bottom-side PhCs.

LED structure with top-side PhC:

For an LED with a top PhC, the dependence of the enhancement of light extraction is studied based on
lattice constant (a), ratio (r/a), Etch depth (d). Each individual PhC parameter was varied in turns,
while the other parameters were kept constant, and the enhancement is calculated. In this case, the
simulated LED structure consists of a 200-nm-thick p-GaN, an MQW active layer, a 800nm-thick n-
GaN, and a l-um-thick sapphire substrate with a cross-sectional area of 1X 1 mm’ During

simulation a dipole source is placed in the MQW region to calculate the light extraction. The



dependence of the enhancement of light extraction efficiency on the PC parameters is shown in Fig. 2.
The lattice constant, PhC thickness, and ratio r/a were varied from 100 to 700 nm, 50 to 200 nm, and
0.1 to 0.5, respectively. From Fig. 2(a), the enhancement factor is low when 1/a is too small or too
large. A value of r/a = 0.5 is chosen in this simulation in order to avoid having the holes overlap each
other. The highest enhancement was obtained at a ratio 1/a = 0.3 to r/a = 0.4 in which the lattice
constant of 400nm and PhC thickness of 150nm are kept as constant. Fig. 2(b), it is observed that the
enhancement factor is increased with the increase in the lattice constant keeping hole radius 120nm
and PhC thickness of 150nm as constant. After reaching the maximum value at a lattice constant in
the range of 400-600 nm, the light enhancement factor decreased. Fig. 2(c) shows that the
enhancement factor almost increased with thickness where the lattice constant a= 400nm and radius

120nm were kept constant. However, after reaching the maximum value at a thickness of 150 nm, the

light enhancement factor decreased.
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Fig 2: Enhancement of light extraction efficiency as a function of (a) ratio (1/a), (b) lattice constant,

and (c) PhC thickness of the top PhC LED.



LED structure with bottom-side PhC:

An approach similar to that of the top PhC LED is used to analyze the effect of the bottom-side PhC
structure on the enhancement of light extraction efficiency of the LED. A standard bottom-side PhC
LED includes a 200- nm-thick p-GaN, an MQW active layer, a 800nm-thick n-GaN, a 1-pm-thick
sapphire substrate, and a cross-sectional area of 1x1 mm?. Intially the PhC was located 50 nm below
the MQW in order to find the effect of the PhC parameters like the thickness of PhC, r/a ratio and
lattice constant on the enhancement of light extraction efficiency. The enhancement factor was plotted
as a function of r/a ratio and PhC thickness in Figs. 3(a) and 3(b). The highest enhancement has been
obtained at a ratio r/a of 0.3. Fig. 3(b) shows that the enhancement depends nonlinearly on PhC
thickness. The largest enhancement was obtained at a PhC thickness of 150-200 nm. Fig 3(c) shows
the effect of lattice constant on the enhancement of extraction efficiency. The highest enhancement in
extraction efficiency for bottom-side PhC LED has been obtained at 500nm. The results obtained are

quite close to the results of a top-side PhC LED.
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Fig. 3: Enhancement of light extraction efficiency as a function of (a) ratio r/a (b) lattice constant

(c) PhC thickness for bottom-side PhC LED.
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Fig 4: Enhancement of light extraction efficiency as a function of the distance of PhC structure from
the bottom of the MQW
Using the optimal parameters obtained for bottom-side PhC, the effect of the distance of the PhC
structure from the bottom of the MQW on the enhancement of extraction efficiency is shown in Fig 4.
From the Fig. 4 it shows that as the distance of the PhC from bottom side of the MQW is increased,
the enhancement factor is decreased. The maximum enhancement in this simulation has been obtained
for a distance of 150nm from below the MQW region. Hence when considering a bottom side PhC
LED it is essential to determine the distance of the PhC structure from the MQW in order to obtain an

optimal enhancement in the extraction efficiency.

Comparison of LED structure with top-side and bottom-side PhC:

To compare the enhancement of the LEDs with a top-side and bottom-side PhC, we used the same
PhC parameters with r/a=0.3, a= 400nm and d=150 nm, with PhC placed at a distance of 50 nm from
the MQW for both the top-side and bottom-side PhC LED structure. From the Fig 2 and Fig 3 it is
clear that the total energy output for the top-side PhC LED increases at faster rate and is more
sensitive than that for the bottom-side PhC LED structure. For the top-side PhC LED, PhC pattern
diffracts the incoming light, so that some of the light emits outside the escape cone can be extracted to
an outer medium, thereby resulting in improved light extraction. Therefore, the light has additional
opportunities to escape through the semiconductor and air interface resulting in higher extraction
efficiency. However, the LED structure incorporating both top-side and bottom-side PhCs, can lead to
further improvement of light extraction efficiency; the results and discussion are beyond the scope of

this paper.



CONCLUSION

The light extraction efficiency of an LED with various PhC layers has been calculated using the
FDTD method. For the top-side PhC LED, the optimal extraction efficiency is found for a lattice
constant of 400600 nm, PhC thickness of 150nm, and r/a of 0.3-0.4. The optimal design for the
bottom-side PhC LED has been obtained with a lattice constant of 500 nm, a PhC thickness of 150
nm, and an r/a of 0.3 at a distance of 150nm from the bottom of the MQW. It is observed that the top
PhC is more effective in increasing the light extraction efficiency because of the diffraction of light
between the top surface of the LED and the PhC. Hence the design is optimized for 100%
enhancement in the extraction efficiency with a lattice constant of 400 nm, a hole radius of 0.4 times

a, and a PhC thickness of 150 nm for top-side PhC LED.
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