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Abstract 
The light extraction efficiency caused by total internal reflection is low. Based 
on the analysis of the existing technology, a new design scheme is proposed in 
this paper to improve the light extraction efficiency. The air gap photonic 
crystal is embedded on the GaN-based patterned sapphire substrate, which 
can reduce line misalignment and improve light extraction efficiency. The 
internal structure of the GaN-based LED epitaxial layer is composed of an 
electron emission layer, a quantum well in the light-emitting recombination 
region, and an electron blocking layer. Experimental results show that this 
method significantly improves the extraction efficiency of LED light. 
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1. Introduction 

Due to the small size and high efficiency of light-emitting diodes (LED), they are 
gradually becoming a substitute for traditional light sources. There is a band gap 
in GaN semiconductors, and the wavelength can be easily added by adding in-
dium (transferred to longer wavelengths) or aluminum (transferred to longer 
wavelengths). To shorter wavelengths from the green to the blue region [1]. Ni-
tride-based LEDs provide new opportunities for full-color LED displays and 
high-efficiency white light sources, which will replace incandescent light sources. 
GaN-based light-emitting diodes provide new opportunities for full-color light- 
emitting diode LED displays and white light sources. 

The performance of light-emitting diodes is mainly determined by two ad-
vantages, namely the internal quantum efficiency (IQE) of the active area and 
the light extraction efficiency [2]. But the result of the low internal quantum ef-
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ficiency is affected by the high thread dislocation (TD) density of the GaN film 
grown on a heterogeneous substrate, TD is the metal material which forms an 
electron diffusion path that is injected into the active layer [3]. Due to the weak-
er positioning of the matrix, the light emission efficiency is more sensitive to the 
non-radioactive recombination center of TD when the emission wavelength is 
shortened. And the LED luminous efficiency decays under high current injection 
[4], the problem of (Efficiency droop) has not been effectively solved, which lim-
its the development of high-power and high-brightness LEDs to a certain extent. 
In order to improve the performance of light-emitting diodes, it is necessary to 
design a suitable structure to improve the light extraction efficiency. The recent 
technology used to improve the light extraction efficiency, including the conven-
tional surface crystal etching on the gas-phase GaN interface and the GaN sub-
strate interface Technology, as well as the structure of the photonic crystal itself 
[5]. On this basis, this paper proposes a suitable LED emission model to improve 
luminous efficiency. 

2. Conventional Lattice Structure Surface Improves Light  
Extraction Efficiency 

Traditional methods to achieve light extraction efficiency include the improve-
ment of the surface lattice structure of the material and the thin-film GaN sub-
strate. The use of the surface lattice structure can significantly increase the light 
extraction efficiency. The key is to increase the probability of photon emission. 
Photonic crystals. Is a diffraction grating in a certain sense, as long as its grating 
constant is in the order of light wavelength or even sub-wave length. When light 
enters the photonic crystal material, it exhibits the wave properties of light. When 
the light wavelength is equal to the period of the medium, the grating structure 
occurs when acting, the light wave is modulated, so that the light falls in the 
emergent light cone and is coupled into the emergent light, thereby improving 
the extraction efficiency of the LED. In addition to the periodic photonic crystal 
structure, other uses of epitaxial lateral excessive growth (in n-GaN Layer) can 
also reduce TD. Embedded dielectric mask and patterned sapphire crystal sub-
strate (PSS), these methods will improve the quality of the film, thereby increas-
ing the internal quantum efficiency. In addition, for substrate materials with dif-
ferent refractive indices, such as SiO2 and have tilt the angular patterned sap-
phire PSS also effectively increases light scattering and reflection, and improves 
light extraction efficiency. 

The extraction efficiency of the GaN-based LEDs remains low because of the 
total reflection that occurs at the air-GaN interface. As a result, the light is trapped 
inside the semiconductor, and will eventually be absorbed by defects and recom-
bination centers in the substrate or the active region [4]. Only lights within the 
extract cone can exit from the interface of the semiconductor and air. 

Where are the refractive index of the air and GaN (2.5 at 0.44 μm), respec-
tively. The effect of liquid-phase-deposited (LPD) ZnO rods on the LED surface 
was also investigated [6]. The LPD method has near room temperature deposi-
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tion, atmospheric growth and low cost. The key idea here was to increase the 
range of the escape angle. The escape angle of was spread from 43.9 to 53.2 for 
the light emission from the GaN and get out from the ZnO side walls. 

3. Surface Photonic Crystals Used to Improve the Light  
Extraction 

Recently, photonic crystals structures are used on the surface of the III-nitride 
LEDs to improve the light extraction efficiency. Photonic crystal can be used to 
inhibit the spontaneous emission spectrum [7], or used as a diffraction grating 
to increase the internal extraction efficiency. They can also enhance the internal 
quantum efficiency by means of the Purcell effect. 

Figure 1, can seed that the deep etched and shallow etched photonic crystal 
both enhanced the light extraction efficiency. Although the deep etched photon-
ic crystal had low internal quantum efficiency, the light output was still higher 
than the shallow etched one and the planar surface LED. 

3.1. Surface Photonic Crystals Used as Diffraction Grating 

When using the surface photonic crystal of the diffraction grating to emit pho-
tons, it allows spontaneous emission guided mode, but this mode has the prop-
erties of coupled diffraction [8]. The extra Brock momentum generated by the 
periodic mode makes the light and the leaky state form a coupling. It can not 
only improve the efficiency of light extraction, but also control the radiation 
pattern. In this method, the lattice constant of the diffraction grating is larger 
than the band gap. In this approach, the lattice constant of a diffraction grating 
is larger than in the band-gap approach, since the photonic crystal operates near 
a high Bragg order rather than at the first Bragg order. 

( ) ( ) ( )( ) ( )2 2
|| GaN GaN2 sin 2m mk n n m Lλ θ λπ= −π π=         (1) 

where m is the mode number and L is thickness of the GaN. With the presence 
of GaN, the wave vector is now coupled to other harmonic modes by the reci-
procal lattice vectors G. 
 

 
Figure 1. Light output power and current characteristics. 

https://doi.org/10.4236/wjet.2021.92021


L. J. Zhang et al. 
 

 

DOI: 10.4236/wjet.2021.92021 303 World Journal of Engineering and Technology 
 

|| 2mk G λ+ < π                           (2) 

In order to diffract the guided light into the air, the necessary conditions need 
to be met. The diffraction conditions strongly depend on the wavelength of light 
and the lattice constant. Due to the multi-mode nature of GaN, the coupling of 
the leakage mode and the photonic crystal should be considered. The high-
er-order modes are usually higher than the lower-order modes. Mode diffraction 
is better because they have better overlap with photonic crystals. Another way to 
ensure better coupling is to embed the photonic crystal structure in the middle 
of the LED device [9]. Use 700 nm thick GaN and a lattice constant of 250 nm 
The specification photonic crystal experiment shows that the light extraction ef-
ficiency is improved. Compared with the rough surface thin film LED, the ex-
traction efficiency of the photonic crystal LED is as high as (65% - 78%) (Figure 
2).  

3.2. Patterned Sapphire Substrate to Improve GaN Film Quality  
and Scatter Reflected Light 

The most commonly seen patterned sapphire substrate has periodic pyramid ar-
rays with 3 facets. This has numerically studied the effect of pyramid angles on 
the light extraction efficiency (LEE) for 4-facet pyramid structures [10]. The re-
sult suggested 30˚ slanted angle could be the best angle in enhancing light ex-
traction efficiency (Figure 3). 
 

 

Figure 2. Guided modes in the LED structure with photonic crystals. 
 

 

Figure 3. The LEE angle of the slanted surface in an inversed pyramid structure. 
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Experimental studies have shown that adjusting the tilt angle to 31.6˚ will pro-
duce better performance [11]. The patterned sapphire substrate with an angle of 
31.6˚ produces 66% IQE and 20 mW light output at 20 mA current. The reason 
is the increase in light extraction efficiency. Especially the difference in crystal 
quality is determined by the lateral growth area. It is determined by the c-plane 
area, a small oblique angle will have a small c-plane area. The dislocation density 
is characterized by X-ray diffraction and etch pit density. An experiment is 
made. The tapered PSS is shown in Figure 4 to improve the extraction efficiency 
[12]. The lattice constant is designed to be 3 μm, and the cone diameter is 2.5 
μm. The etching depth and sidewall angle are about 700 nm and 29˚. Compared 
with conventional LED, the light output power is higher. There is a 35% en-
hancement due to the light reflecting from the sapphire substrate to the top di-
rection, reducing thread dislocations.  

It is also possible to use deposited silicon dioxide spheres on the sapphire sub-
strate PSS to realize the MOCVD method of heteroepitaxial growth of thin films 
at a lower manufacturing cost, and to reduce the dislocation of the GaN film 
[13]. The diameter of the silicon spheres ranges from 300 - 550 nm. Change, the 
surface coverage is 15% - 70%. The results show that a higher coverage and larg-
er sphere size will give better results. In addition to the cone shape and colloidal 
sphere mode, the PSS of the irregular nanoarray is in It is also effective in im-
proving the external quantum efficiency [14]. There are many accumulation 
faults in the gaps between the SiO2 nanorods, and visible thread dislocations are 
rarely observed in the vicinity. The formation of dislocations on the sapphire sur-
face is further reduced. 

Previously analyzed many structures that can improve light extraction effi-
ciency, including surface and embedded photonic crystals, embedded dielectric 
film shielding and patterned sapphire substrates. However, the low-order mode 
light guide in GaN weakly interacts with photonic crystals, making photonic 
crystals cannot effectively extract most of the light. In order to extract all the 
light guide modes, the use of embedded air gap photonic crystal is a better choice. 
Due to a large number of thread dislocations, the quality of the GaN film is poor,  
 

 

Figure 4. AFM images of 31.6˚ tilt view of sapphire surface with PSS. 
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and the internal quantum efficiency will be reduced. The patterned sapphire 
substrate reduces the impact. In order to achieve good external quantum effi-
ciency, it is necessary to use the air gap photonic crystal to obtain high light ex-
traction efficiency, while improving the quality of GaN film to achieve high in-
ternal quantum efficiency. 

The coalescence front of the GaN seed crystal provides a strain relief layer in 
which stacking defects may occur, and most of them are found to be located 
above the voids or smaller GaN seed crystals. If the growth rate is too slow to 
become a GaN seed crystal, dislocations can be prevented by forming voids. The 
remaining SiO2 between the nanorods can prevent the growth of GaN and fur-
ther reduce the formation of dislocations from the sapphire surface. 

There have been many structures that can enhance light extraction efficiency, 
including surface and embedded PhCs, embedded dielectric ELO masks and pat-
terned sapphire substrates. The surface PhCs can been low order mode guided 
light in GaN interacts weakly with surface PhCs and this large portion of light 
cannot be extracted efficiently. In order to extract all guided light modes, the 
embedded PhCs are better candidates and air-gap PhC might provide the high-
est efficiency because the refractive index to air which has the highest contrast to 
GaN. 

4. An New Structure Embedded Design in Air Gap Photonic  
Crystal 

With a large amount of threading dislocations, the GaN film quality is poor and 
the intrinsic quantum efficiency will be lower. In order to achieve good external 
quantum efficiency, we need to use air-gap PhCs to obtain high light extraction 
efficiency and simultaneously improve GaN film quality to achieve high internal 
quantum efficiency. 

In order to improve the light extraction efficiency, embedded air gap photonic 
crystals, embedded dielectric film shielding and patterned sapphire substrates 
are used. For photonic crystals, the low-order mode light guide in GaN weakly 
interacts with the surface photonic crystal, and the surface Photonic crystals 
cannot effectively extract most of this light. In order to extract all light guide 
modes, it is better to embed photonic crystals with void photonic crystals, which 
can provide the highest efficiency, because the refractive index of air is 1, such 
cones and GaN The difference in refractive index of the interface is the largest. 
Since the air gap photonic crystal does not have the function of epitaxial lateral 
growth, if an embedded dielectric mask is used, it can be embedded after the 
re-growth after the air gap is formed.  

Compared with other designs, the device structure obtained by this design has 
very few dislocations. At the same time, the advantages of the air gap photonic 
crystal are used to extract most of the guidance modes. The experimental results 
show that the extraction efficiency of the photonic crystal LED is as high as (75% 
- 83%). In this structure, both the internal quantum efficiency and light extraction  
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Figure 5. (a) PhC was patterned by NIL and transferred to GaN; (b) Semipolar facets 
formed during regrowth by MOCVD; (c) Air-gap PhCs were embedded after the over-
growth of GaN. 
 
efficiency will be improved, and the external quantum efficiency will increase 
dramatically. 

The thread dislocations continue to be photonic in the air gap On-crystal 
growth. In the buffer GaN layer, fewer dislocations can be formed. According to 
the above theoretical analysis, this paper designs a new type of sapphire substrate 
PSS to form an embedded air gap photonic crystal LED. First, by hot press li-
thography (NIL) the photonic crystal mode GaN template obtained on the sap-
phire substrate (Figure 5(a)). Then use MOCVD [11] method to overgrow GaN 
(Figure 5(b)), under the optimized growth conditions in (0001). After the gap 
generated by the growth rate of the plane, the layer structure is overgrown 
(Figure 5(c)). 

The resulting device structure will have few dislocations compared to work, 
and at the same time use the advantage of the air gap PhC to extract most of the 
guided modes [15] [16]. The structure proposed in this paper can improve these 
situations, so that both the internal quantum efficiency and light extraction effi-
ciency will be improved, and the external quantum efficiency is expected to be 
significantly improved. 

5. Conclusions 

Both surface and embedded PhC can be used as diffraction gratings, and can ef-
fectively extract guided modes in GaN. The embedded dielectric mask can im-
prove the quality of the GaN film by epitaxial lateral growth, and also scatter the 
reflected light back to the top surface to achieve better light extraction. The size 
of the dielectric mask can be micron size or nanometer size, and the total mask 
area available is very important. The patterned sapphire substrate can also re-
duce threading dislocation density and provide better film quality, and effective-
ly reflect light back to the top surface. 

These technologies can improve the internal quantum efficiency by improving 
the quality of the GaN film, and most importantly, the use of suitable structures, 
the use of surface textures, patterned substrates, and surface/embedded photonic 
crystals to improve light extraction efficiency. With optimized device structure 
design and manufacturing technology, GaN blue LEDs paved the way for low- 
cost, high-performance solutions to meet the growing demand for full-color dis-
plays and energy-saving lighting in the future.  
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