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sapphire substrates for enhancing
the efficiency of GaN-based light-emitting diodes

Szu-Han Chao,†a Li-Hsien Yeh, †b Rudder T. Wu,c Kyoko Kawagishic

and Shih-Chieh Hsu *ad

In this study, a novel patterned sapphire substrate (PSS) was used to obtain mesa-type light-emitting diodes

(LED), which can efficiently reduce the threading dislocation densities. Silicon nitride (Si3N4) was used as

a barrier to form the PSS, replacing the commonly used silicon dioxide (SiO2). The refractive index of

Si3N4 is 2.02, which falls between those of sapphire (1.78) and GaN (2.4), so it can be used as a gradient

refractive index (GRI) material, enhancing the light extraction efficiency (LEE) of light-emitting diodes.

The simulation and experimental results obtained indicate that the LEE is enhanced compared with the

conventional PSS-LED. After re-growing, we observed that an air void exists on the top of the textured

Si3N4 layer due to GaN epitaxial lateral overgrowth (ELOG). Temperature-dependent PL was used to

estimate the internal quantum efficiency (IQE) of the PSS-LED and that of the PSS-LED with the Si3N4

embedded air void (PSA-LED). The IQE of the PSA-LED is 4.56 times higher than that of the PSS-LED.

Then, a TracePro optical simulation was used to prove that the air voids will affect the final luminous

efficiency. The luminous efficiency of the four different structures considered is ranked as Si3N4 (PSN-

LED) > PSA-LED > PSS-LED with SiO2 (PSO-LED) > PSS-LED. Finally, we fabricated LED devices with

different thickness of the Si3N4 barrier. The device shows the best luminance–current–voltage (LIV)

performance when the Si3N4 thickness is 220 nm.
1. Introduction

Recently, nitride-based LEDs play an important role in solid-state
lighting due to their advantages of high efficiency, long life, small
size, and environmental protection. They have been widely used
in various applications, such as traffic signals, full color displays,
and back lights in liquid crystal displays.1–3 Although GaN-based
LEDs with high brightness are commercially available, the light
output power of these LEDs is still limited by low internal
quantum efficiency and light extraction efficiency.4–7 Generally,
a conventional GaN-based LED is grown on sapphire substrates in
spite of the fact that the two have a lattice and coefficient of
thermal expansionmismatch of 16% and 34%, respectively. These
results in the GaN lm producing a dislocation density in the
order of 109 to 1011 cm�2.8,9 Thus, many techniques have been
developed to improve GaN-based LEDs' IQE and LEE, such as
using epitaxial lateral overgrowth,10–12 surface roughing,13–16
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microstructured air cavities,17 isoelectronic doping,18 patterned
sapphire with a silica array,19 metal mirror reection layers,20–23

and patterned sapphire substrates.24–29

The PSS is commonly used to reduce the threading disloca-
tions and enhance IQE.30 When light penetrates from GaN into
the air, the refractive index of GaN (n ¼ 2.4) causes a critical
angle of only 23.6 degrees and make most of the light reect to
the inner part of the device due to total internal reection (TIR).
As the light gets absorbed by the active layer, LEE degrades.31,32

In order to solve this problem, PSS is proven that is a useful
technique, which can damage the at interface. It would destroy
the TIR effect at the emitting interface, so, more light can be
extracted out to the outer ambient. Hence, it can signicantly
increase the light output of LED.33,34 This technique utilizes the
patterns created on the sapphire wafers. The patterned SiO2

barrier35 is coated rst on sapphire substrate and then form the
mesa structure by the following dry etching process. Finally,
GaN LED epitaxial structure36,37 are grown on the PSS wafers
with this kind of mesa patterns. In the case of this fabrication
process, SiO2 barrier is not totally etched and still retain
between the PSS and GaN. The light emits from GaN epilayer
and pass through the SiO2 thin lm layer to sapphire
substrate.38,39 The light path is affected by the different refrac-
tive index of materials.40 The refractive index of SiO2 is 1.55 and
this value is lower than that of sapphire (n¼ 1.78) and GaN (n¼
2.4).41 The difference of refractive index between SiO2 and GaN
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The schematic diagram of PSS-LED with Si3N4 layer.

Fig. 2 The simulation results of PSN-LED and PSO-LED.
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is too large for the light to escape. The TIR phenomena become
severe. Some researchers mentioned the concept of gradient
refractive index (GRI) to avoid this deterioration, and it is used
to LED encapsulation, such as silicone or epoxy gel.42,43 Most of
these reports focus on the optical simulation. It lacks the direct
evidence to conrm its feasibility. In this work, we achieve the
better lighting performance of LED by means of GRI technique
in PSS structure.

Si3N4 thin lm is adopted as a novel barrier layer to make
a patterned sapphire substrate. Since the refractive index of
Si3N4 is 2.02,44 which locates between the sapphire (n ¼ 1.78)
and the GaN (n¼ 2.4), it can be regarded as a gradient refractive
index material which allows light to emit downward to the
sapphire substrate and nally extract to the air. In addition, the
PSS also promotes GaN epitaxial lateral overgrowing in epitaxy
process.45 This method not only can reduce the threading
dislocations, but can also enhance the LEE of LEDs.46,47

2. Experimental procedure

Prior to the growth of LED structures, Si3N4 layers were deposit on
the (0001) sapphire substrate as a barrier layer by Plasma
Enhanced Chemical Vapor Deposition (PECVD) with three
different thicknesses. The thicknesses are 110, 220 and 330 nm,
separately. Subsequently, the patterned sapphire substrate was
prepared by the mask with periodic patterns (diameter: 2 mm;
spacing: 1 mm). A standard photolithography process and wet
etching were carried out to form the patterned sapphire substrate.
The required Si3N4 patterns were etched by the atmosphere of
Ar, O2, and CHF3 in the reactive ion etcher (RIE). The RF power
was 600 W and the etching times of three samples were 120, 200
and 260 s which inuenced the thickness of Si3N4 layer. In order
to promote the quality of Si3N4, thermal annealing was set at 700
�C for 10 min. A mixture of H2SO4 : H3PO4 solution at a 5 : 1 ratio
was then used to etch the sapphire substrate at 260 �C for 4.5min.

Aer preparing the PSS, the full LED structure was epitaxial
grown by Metal Organic Chemical Vapor Phase Deposition
(MOCVD). The structure consists of a 30 nm-thick LT-GaN
nucleation layer, a 2.5 mm-thick Si-doped n-GaN, 10 periods of
InGaN/GaN multiple quantum wells (MQWs), and a 100 nm-
thick Mg-doped p-GaN layer. To fabricate LED, a p-GaN layer
was etched by an inductively coupled plasma (ICP) etching
process until the n-GaN layer was exposed for n-type ohmic
contact. The parameters of ICP etching were 115 sccm of Cl2
ow rate and 300 W of RF power. And then, the LED of the size
of a 1 � 1 mm2 were fabricated and Ni/Au metal layer on the
other hand was formed as an n-, p-contact by e-beam evapora-
tion. A schematic diagram of the LED structure was shown in
Fig. 1.

These samples were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
to reveal the surface morphology and cross-sectional structure.
The temperature-dependent photoluminescence (PL) was
employed for evaluation of the internal quantum efficiency.
Finally, we performed optical simulation by TracePro to inves-
tigate the luminous efficiency of LED. We build four structures
and namely, conventional LED (C-LED), patterned sapphire
This journal is © The Royal Society of Chemistry 2020
substrate LED (PSS-LED), patterned sapphire substrate LED
with Si3N4 barrier (PSN-LED), and patterned sapphire substrate
LED with SiO2 barrier (PSO-LED).

3. Results and discussion

In order to conrm the experiment feasibility, we performed
optical simulation before the experiment. Fig. 2 shows the simu-
lation result of PSN-LED and PSO-LED. It reveals that both LEDs,
especially PSN-LED, have higher luminous efficiency than PSS-
LED. The reason is that by using Si3N4 as the gradient refractive
index material, the luminous efficiency of PSN-LED will be
enhanced by 62.7% compared with that of PSS-LED. The simu-
lation result also shows that the luminous efficiency of PSN-LED
can be signicantly improved when the interlayer thickness
ranges from 110 to 440 nm. It indicated that the suitable thick-
ness in simulation is the range of 110–440 nm (the sample with
different thicknesses, 110 nm, 220 nm, 330 nm and 440 nm is
named as sample A, sample B, sample C, and sample D.)

Fig. 3 shows the top view, 30-degree tilt, and cross-sectional
SEM images of PSN-LEDs. The pyramidal patterned was formed
aer wet etching at 260 �C for 4.5 min by H2SO4 : H3PO4 ¼ 5 : 1
mixture solution. The depth of each pyramidal pattern is
371 nm approximately. In addition, we not only successfully
etched a perfect patterned sapphire substrate but also kept
a textured Si3N4 lm on top of the patterns. Before the patterned
sapphire substrate was fabricated, the Si3N4 pattern was treated
by dry etching with CHF3 and Ar gases. Aer dry etching, the
RSC Adv., 2020, 10, 16284–16290 | 16285
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Fig. 3 The SEM images of patterned sapphire substrate etched at 260 �C and 4.5 min: (a)–(c) top view SEM images of 110, 220, 330 nm; (d)–(f)
tilted view and (g)–(i) cross-sectional SEM images of 110, 220, 330 nm.
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surface of Si3N4 intermediate layer was textured due to the
plasma damage, which will induce the generation of air voids
aer lateral growth of GaN, so called PSA-LED.

Fig. 4(a) shows the LIV results of the fabricated PSA-LEDs.
The light output power of sample B has the maximum value,
5 mW, at 350 mA injection current. It is approximately 40%
higher than that of the PSS-LED, which is the commercial PSS-
LED with SiO2 intermediate layer. Accordingly, signicantly
increased luminous efficiency for high power PSA-LED chip can
Fig. 4 (a) The LIV results of PSA-LEDs and (b) the wavelength of PSA-LE

16286 | RSC Adv., 2020, 10, 16284–16290
be achieved by employing Si3N4. Fig. 4(b) shows the measured
wavelength of PSA-LED with different thickness. The intensity
of PSA-LED with 220 nm-thick Si3N4 is 40% higher than that of
PSS-LED at 450 nm.

Fig. 5 shows the TEM images of GaN grown on the PSS. The
unexpected air void was observed on top of the textured Si3N4

intermediate layer in Fig. 5(a). The threading dislocations
propagating through the whole GaN layer from the sapphire.
Conversely, there is dislocation-free region on top of the
Ds.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The TEM images of GaN grown on the patterned sapphire substrate: (a)–(c) air voids exist onto the Si3N4 layer; (d)–(f) the distribution of
threading dislocations and stacking faults in the GaN epilayer.
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textured Si3N4 intermediate layer. Only one threading disloca-
tion was generated when the GaN laterally coalesced on top of
pattern in Fig. 5(d) and (e). Besides, the stacking faults were
formed in the GaN epilayer as shown in Fig. 5(f). These stacking
faults interact with the vertical threading dislocations and bend
them horizontally. These pieces of evidence all indicated that
the presence of PSS induced the subsequent epitaxial layer
Fig. 6 Temperature-dependent PL results of PSS-LED and PSA-LEDs.

This journal is © The Royal Society of Chemistry 2020
lateral growth, thus yielding the presence of air voids. Thus, the
PSS LED with Si3N4 embedded air void was called as PSA-LED.

In order to conrm the GaN crystalline quality, the
temperature-dependent PL was used to estimate the IQE of the
LED devices. Fig. 6 shows the PL results for PSS-LEDs and PSA-
LEDs with Si3N4 of 110 nm, 220 nm, and 330 nm thickness. The
IQE values at room temperature are 8.87%, 12.77%, 40.48% and
RSC Adv., 2020, 10, 16284–16290 | 16287
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Fig. 7 The simulation results of PSS-LED, PSN-LED, PSA-LED and
PSO-LED.

Fig. 9 The simulation results for three different light point positions.
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11.29%, respectively. The PSA-LED with 220 nm Si3N4 has the
highest IQE value, which is 4.56 times the IQE value of the PSS-
LED at room temperature. This indicates that crystalline quality
can be improved by applying the formation of air voids.

Furthermore, optical simulation was performed to verify
whether the air voids exist in the GaN epi-layer affect the
luminous efficiency of LED or not. Fig. 7 shows the simulation
results of four different structures, namely PSS-LED, PSN-LED,
PSA-LED and PSO-LED. The results display that the air voids
indeed affect the nal luminous efficiency. The luminous effi-
ciency rank of the four different LEDs is PSN-LED > PSA-LED >
PSO-LED > PSS-LED.

In terms of Snell's Law, larger critical angle induces higher
LEE. The critical angle of GaN and sapphire is 47.87�. In the
case of planar sapphire substrate, most light emerge total
Fig. 8 The light rays for four structures of LED (a) C-LED (b) PSS-LED (c)
index smaller than that of sapphire.

16288 | RSC Adv., 2020, 10, 16284–16290
internal reection when the incident angle becomes larger than
the critical angle of 47.87� (dash line a, b, c) as shown in
Fig. 8(a). If the patterned sapphire substrate instead of the
planar sapphire substrate, the light will emit downward to
sapphire because the sidewall of patterns reduces the incident
angle. That's why using patterned sapphire substrate can
enhance LEE (Fig. 8(b) the light ray B1). Fig. 8(c) shows a LED
structure inserts an interlayer on top of patterned sapphire in
which refractive index falls between GaN and sapphire. In other
words, the interlayer can be used as a gradient refractive index
material. The light can be extracted downward to the sapphire
easily because the critical angle becomes larger (the light ray
C1). In other words, the technique reduces the total internal
reection effectively. Conversely, if the interlayer's refractive
index is smaller than that of the sapphire, the total internal
reection become further enhanced. Original light D will be
smoothly escape to the outside, but the critical angle becomes
the refractive index between that of GaN and sapphire (d) the refractive

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01900c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 8

/2
3/

20
25

 2
:3

3:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
smaller than 47.87� so that the light is reected to inner of LED.
According to the Snell's law, the bigger difference of refractive
index, the more total internal reection is made.

From the light point distribution analysis, the different light
point position obtains different LEE as shown in Fig. 9. By three
light point positions simulation, namely, between the PSS
(BETWEEN), center of the PSS (CENTER), and edge of the top of
PSS (EDGE). In terms of PSS-LED with PSO-LED, when the light
point is set on the CENTER position, the PSS-LED produces
higher luminous efficiency than PSO-LED. Nevertheless, when
the light point is set on the BETWEEN position and EDGE
position, the PSO-LED has at least one-time higher luminous
efficiency than PSO-LED. And, the PSA-LED has nearly the same
condition as PSO-LED. That's why the PSA-LED and PSO-LED's
luminous efficiency are superior than that of PSS-LED in spite of
the fact that their refractive index values are both smaller than
the sapphire. The simulation results show that the PSN-LED has
the best luminous efficiency because of its incorporation of
gradient refractive index material.
4. Conclusions

In this study, the optical properties of patterned sapphire
substrate were investigated and reported. The threading dislo-
cations were reduced because the subsequent epitaxial growth
is similar to the mechanism of ELOG. Moreover, since the
textured Si3N4 surface was retained on top of the patterns, it
made the formation of air voids aer GaN laterally growth
process. The simulation results revealed that the PSN-LED
showed the best luminous efficiency because the Si3N4 served
as the gradient refractive index layer. The LEE was approxi-
mately 62.7% higher than that of the conventional PSS-LED. In
the experiment, the LED structure with Si3N4 intermediate layer
of 220 nm thickness had the best lighting performance. The
luminous intensity and IQE of PSA-LED with 220 nm-thick Si3N4

is 40% and 4.56 times higher than that of PSS-LED at 450 nm.
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