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ABSTRACT

We study the top transmission grating’s improvement on GaN LED light extraction efficiency. We use the finite
difference time domain (FDTD) method, a computational electromagnetic solution to Maxwell’s equations, to measure
light extraction efficiency improvements of the various grating structures. Also, since FDTD can freely define
materials for any layer or shape, we choose three particular materials to represent our transmission grating: 1) non-
lossy p-GaN, 2) lossy indium tin oxide (ITO), and 3) non-lossy ITO (a=0). We define a regular spacing between unit
cells in a crystal lattice arrangement by employing the following three parameters: grating cell period (A), grating cell
height (d), and grating cell width (w). The conical grating model and the cylindrical grating model are studied. We
also presented in the paper directly comparison with reflection grating results. Both studies show that the top grating
has better performance, improving light extraction efficiency by 165%, compared to that of the bottom reflection
grating (112%), and top-bottom grating (42%). We also find that when grating cells closely pack together, a
transmission grating maximizes light extraction efficiency. This points our research towards a more closely packed
structure, such as a 3-fold symmetric photonic crystal structure with triangular symmetry and also smaller feature sizes
in the nano-scale, such as the wavelength of light at 460 nm, half-wavelengths, quarter wavelengths, etc.
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1.INTRODUCTION

Light emitting diodes represent an expanding field of research to develop brighter, cheaper, and more energy efficient
light sources. Fiber optic systems, light bulbs, display technology, and machine vision all make use of LEDs as either
the ideal light source or low cost alternative to laser diodes. In order to be a viable and cost-effective solution, LEDs
must meet the industry’s stringent performance criteria: minimize power consumption, generate minimal heat, and
maximize extracted lumens per watt. Currently, two LED optimization methods improve these performance
characteristics: increasing electroluminescent efficiency and increasing light extraction efficiency [1].
Electroluminescent efficiency measures how efficiently electrons in a direct bandgap material are converted into
photons of light, while light extraction efficiency measures how efficiently those generated photons are extracted from
the LED without absorption or reflection. This paper’s research seeks to increase LED light extraction efficiency of
Gallium Nitride (GaN) LEDs. The three key inefficiencies in light extraction efficiency of GaN LEDs are: 1) GaN's
high refractive index, and therefore low critical angle at the semiconductor-air interface, 2) the absorption of light
within the device at the multiple quantum well (MQW) region, as well as dislocations and defects in the GaN crystal,
and 3) inefficient device geometry [2-4].
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The first key limitation to light extraction efficiency results when a GaN device layer’s low critical angle traps
generated light internally. In other words, much of the light generated within the devices is totally internally reflected
back within the device rather than escaping as emitted light. Fig. 1 shows the typical problem of a GaN LED with such
a high refractive index. The light blue photon coming in at a high angle above the critical angle reflects internally,
while the dark blue photon coming in at a low angle below the critical transmits to the air. If the critical angle is
sufficiently low, then generated photons will find the cone of acceptable escape angles too narrow to produce
significant light extraction. Fig. 1(a) shows this narrow cone of acceptance, normal to the semiconductor surface. The
cone is traced from the critical angle of incidence for a point at the origin. Any photon that strikes the surface at an
angle larger than the critical angle will be reflected internally, thereby decreasing light extraction.
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Fig. 1 - Total Internal Reflection Model: (a) cone of transmitted angles and total internal reflection, (b) LED with enhanced
cone of transmitted angles, due to affixed resin dome, and (c) incident beam scattering via Bragg diffraction at the grating
interface.

A number of solutions have been proposed to solve this reflection problem. First, a common approach affixes a dome-
shaped resin over the LED to create a larger escape angle out of the device. Fig. 1 (b) shows how the critical angle
might be increased and therefore increase light extraction efficiency. The lower index difference between GaN and the
resin enlarges the cone when compared to the model in Fig. 1(a). In addition, the resin’s dome shape ensures that the
extracted light at the semiconductor-resin interface meets the resin-air interface at a normal or a low enough angle to
allow for greater light extraction [5]. To further mitigate the problems of total internal reflection, the emission surface
can be patterned to form a transmission grating that offers the light more angles of escape, as shown in Fig. 1(c). A
transmission grating allows partial transmission at angles above the critical angle. Instead of light reflecting at grating
surfaces, the light scatters at these surfaces for partial transmission of otherwise completely reflected light. A variety
of methods exist to construct these gratings, including wet etching with an amorphous sacrificial layer [6-9] or laser
etching to obtain a more periodic spacing [10-14]. Any of these methods can etch a transmission grating on a
semiconductor surface, each with their respective advantages and disadvantages. In previous literature, patterning of
an Ag reflector plate in either a pillar or hole grating shape can form a reflection grating [15-16].
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Fig. 2 — Absorption within the LED.

A light emissive device’s second key limitation results from the absorption of generated light within the device at the
multiple quantum well region or at defects within the GaN crystal structure, as shown in Fig. 2. The top layer is a p-
GaN semiconductor, followed by a MQW active layer, and an n-GaN semiconductor. The photon that cannot escape,
due to an incident angle higher than the critical angle, travels within the LED and eventually absorbs into the MQW
active layer by exciton or phonon-assisted interactions. Photon absorption constitutes a critical aspect of not only light
extraction efficiency, but also of device operation. Since the photon does not escape from the device, it does not
contribute to light output and also generates heat that is dispersed throughout the diode by a phonon interaction or
lattice vibration. Increased heat within LED luminaries seriously degrades LED lifetime, alters the emitted wavelength
of light, and consumes energy that could be used for light emission. The MQW region is the source of emitted light
within the diode and deserves particular attention. A generated photon emitted from the MQW region also matches the
band gap energy of that same layer, and therefore, the MQW can readily absorb generated photons and does so at a
high rate. Fig. 2 illustrates how every pass across the MQW layer increases the chances of absorption. The larger the
MQW layer is, the greater the chances of absorption. Therefore, there is a trade-off in terms of light generation and
photon absorption when designing layered MQW structures in LEDs. Photons must be extracted, both in greater
quantity and speed, before absorption occurs [4, 17, 18]. A grating structure will solve this issue by creating more
angles of escape. Grating structures can be patterned in many shapes including: pyramidal, spherical, conical,
cylindrical, and others, but only a few can be fabricated with great success. For example, the modified laser-lift off
(M-LLO) technique can pattern holes a 4-micron period instead of etching a random structure. The technique etches
the nanostructure onto u-GaN using a sapphire backplane, UV light, and a high power KrF laser. Peking University’s
(PKU) experiment varied the grating depths from 75nm to 120nm [19]. Imprint lithography, that can also produce
similar air holes that measure 180nm in diameter, with a depth of 67nm, and a period of 295nm [20].

The research presented in this paper simulates a variety of top grating types and explores the transmission of light
above the critical angle, and uncovers the mechanics behind light extraction from grating structures. Gratings can vary
in following ways: (1) by placing the grating on different layers within the thin-film LED, (2) by varying the density of
grating cells on the grating layer, (3) by altering the shape of the grating cells, and (4) by increasing the symmetry of
the photonic crystal grating. This paper focuses on the transmission grating structure, a single grating structure that
approximately doubles the light extraction from an LED.

2.SIMULATION MODEL

Our previous publication [15] presented the bottom reflection grating design. Here we consider the top transmission
grating’s effects on GaN LED light extraction efficiency, as the structure applies easily to fabrication, while reflection
gratings present some difficulties in processing with the M-LLO procedure [15]. We form the same grating cell
shapes, cylindrical and conical shaped grating cells, as the reflection grating study shown in Fig. 3. For this LED
simulation, we have employed the 2-D the finite difference time domain (FDTD) method, as in the reflection grating
studies [15]. The FDTD method offers many significant advantages for grating simulation, including a full-wave
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solution, finely controlled accuracy via the size of the simulation grid and steps, and accounting of all optical
phenomenons of reflection, refraction, and diffraction.

The transmission grating structure differs from the reflection grating structure, in that grating cells form pillars instead
of holes. Also, since FDTDcan freely define materials for any layer or shape, we choose three particular materials to
represent our transmission grating: 1) non-lossy p-GaN, 2) lossy indium tin oxide (ITO), and 3) non-lossy ITO (a=0).
We define a regular spacing between unit cells in a crystal lattice arrangement by employing the following three
parameters in Fig. 4, similar to the single reflection grating studies: grating cell period (A), grating cell height (d), and
grating cell width (w), which shows the conical grating model in Fig. 4(a) and the cylindrical grating model in Fig.
4(b).

From Top to Bottom
E Time Monitor

B Transmission Grating Air Gap

0 p-GaN 67

E Quantum Wells f (67nm)

® n-GaN ITO/P-GaN

B Ag Reflector Transmission Grating
A =460nm Layer+d (top)

Material Index of Refraction Height (nm)
p-GaN 2,55 200

Quantum Wells  2.685/2.55 (averaged) 67

n-GaN 2,55 4000

Undoped GaN 2.55 120+d (bottom)
Ag Reflector Linear dispersion terms  200+d (bottom)
ITO Linear dispersion terms 120+d (top)

Fig. 3 - Transmission grating GaN LED model.

(b)

Fig. 4 - Transmission Grating Types: (a) conical and (b) cylindrical.

3.SIMULATION RESULTS AND DISSCUSIONS

We obtain the results presented in Fig. 4 to Fig. 7 by sweeping through the grating parameters, exactly like the
reflection grating studies [15]. The grating parameters (ie. A, w, and d) are combined in all possible combinations in
the following specified parameter ranges: A=1 to 6pum, w=1 to 6um, and d=50 to 200 nm. Note that w>A is an invalid
parameter combination. Each material case analyzes the significant findings in the following sections.
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3.1 Non-Lossy p-GaN Transmission Grating Simulation Results

We present the conical and cylindrical p-GaN transmission grating simulation results in Fig. 5 and 6. Conical p-GaN
transmission gratings maximize light extraction efficiency in the range of A=1 um and A=2 pm, as shown in Fig. 5(a)
and Fig. 5(b), and reveal both non-lossy p-GaN conical transmission gratings maximize average power at A=1 pum,
w=I1 pm, d=200 nm, which output a maximum light improvement of 165% over the non-grating case. Specifically,
Fig. 7(a) reveals a trend: when A approaches the dimensions of w, light extraction efficiency generally increases. The
grating appears largely unaffected by grating period or grating height until the transmission grating begins to reach
feature sizes comparable to the wavelength of light. Again, this suggests that grating efficiency would be improved in
the nano-scale, but also, light output increases with more transmission grating cells fabricated on the surface of an
LED.
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Fig. 5 - Average power for the conical non-lossy p-GaN transmission grating case: (a) A=1, (b) A=2, (c) A=3, (d) A=4, (e)
A=5, and (f) A=6 pum.

For non-lossy, p-GaN cylindrical pillar transmission gratings, the A=w case continues to produce results above the
A>w case. Again, due to the transformation of the basic shape of the grating unit cell from cylindrical pillars into 4-
star shaped holes, an undesirable grating pattern in terms of light extraction improvement. Fig. 6 shows the full
simulation set for cylindrical pillars. The peak power vs. grating height graph in Fig. 7(b) shows very clearly that each
of the cases where A=w, decays into the same unfavorable four starred-hole shape, as in A=1 pm, w=1 pm. Otherwise,
the optimal grating strikes a balance between maximizing w with respect to 4, maximizing the number of transmission
grating cells on top of the LED, and maintaining the cylindrical pillar grating structure. The non-lossy p-GaN
cylindrical pillar transmission grating case of A=2 pm, w=1 pm maximizes light extraction efficiency by balancing all
of these conditions.
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3.2 Lossy ITO Transmission Grating Simulation Results

Next, we simulated a lossy ITO transmission grating structure. Fig. 8 shows the full simulation set for the lossy conical
ITO transmission grating. A grating period of 4, 5, and 6 um maximizes light extraction efficiency at approximately
8.4 au. Again, the peak power maximizes when w equals 4. The more grating cells that pack closely together, the
greater the light extraction efficiency, maximizing at 4=w. All transmission gratings in this simulation set improve
light extraction efficiency. With the lossy conical ITO transmission grating, light extraction efficiency maximizes at
about 80%. At the very minimum, the lossy conical ITO transmission grating results in about a 30% increase in light
extraction efficiency. Also, Fig. 9 shows the full simulation set for the lossy cylindrical ITO transmission grating. A
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grating height of 118 nm at 4=1 um and w=1 pum, maximizes light extraction efficiency, resulting in a light extraction
increase of 95% over the non-grating case.
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3.3 Non-Lossy ITO Transmission Grating Simulation Results

Finally, we simulated a non-lossy ITO transmission grating structure. Fig. 10 shows the full simulation set for non-
lossy ITO conical pillar transmission gratings. The trend closely matches the lossy ITO structure but without the loss
factors, resulting in a constant relative drop in output power between the two models. From Fig. 10 and 12(a), the
structure optimizes at A=4 pm, w=4 um, d=166 nm with a 90% improvement. For the non-lossy ITO cylindrical pillar
transmission grating, the results show similarities to the lossy ITO structure. From Fig. 4.9 and 4.10(b), the structure

optimizes when A=w and d=126 nm, with an improvement of 109% for all cases where 4=w.
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4.CONCLUSION

Single transmission grating were simulated using the 2-D FDTD method. Three material types were simulated: non-
lossy p-GaN, non-lossy ITO, and lossy ITO. In addition, a conical and cylindrical grating cell shape was simulated for
each type of material. The results show that light extraction efficiency was maximized when using a non-lossy conical-
shaped p-GaN material for a transmission grating. The grating parameters for that particular grating were A=1, w=1,
d=138 nm. Regardless of what grating type was used, light extraction efficiency improved by at least 30% over the
reference case (no grating). This research has found what was already agreed in the literature, that grating structures
influence light extraction efficiency in the following way: as A compares similarly in dimension to w, light extraction
efficiency improves. In other words, when grating cells closely pack, maximum light extraction efficiency should
occur. This points our research towards a more closely packed structure, such as a 3-fold symmetric photonic crystal
structure with triangular symmetry and also smaller feature sizes in the nano-scale, such as the wavelength of light at
460 nm, half-wavelengths, quarter wavelengths, etc. We also presented in the paper directly comparison with
reflection grating results [21]. The studies show that the top grating has better performance, improving light extraction
efficiency by 165%, compared to that of the bottom reflection grating (112%), and top-bottom grating (42%). In
summary, the top transmission gratings are easy to be fabricated and have best light extraction efficiency compared to
the bottom and top/bottom grating structures.
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