micromachines

Article

Improving the External Quantum Efficiency of High-Power
GaN-Based Flip-Chip LEDs by Using Sidewall Composite
Reflective Micro Structure

Liang Xu 2, Kaiping Fan 2, Huiqing Sun ! and Zhiyou Guo 1*

check for

updates
Citation: Xu, L.; Fan, K.; Sun, H.;
Guo, Z. Improving the External
Quantum Efficiency of High-Power
GaN-Based Flip-Chip LEDs by Using
Sidewall Composite Reflective Micro
Structure. Micromachines 2021, 12,
1073. https://doi.org/10.3390/
mil2091073

Academic Editor: Xinrui Ding

Received: 28 July 2021
Accepted: 2 September 2021
Published: 4 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Semiconductor Science and Technology, South China Normal University, 55 Zhongshan Avenue,
Tianhe District, Guangzhou 510631, China; xuliang11288@163.com (L.X.); sunhq@scnu.edu.cn (H.S.)

Foshan NationStar Semiconductor Co., Ltd., Foshan 528226, China; fankaiping@nationstar.com
Correspondence: guozy@scnu.edu.cn

Abstract: For high-power applications, it is important to improve the light extraction efficiency and
light output of the vertical direction of LEDs. Flip-chip LEDs (FCLEDs) with an Ag/SiO, /distributed
Bragg reflector/SiO, composite reflection micro structure (CRS) were fabricated. Compared with the
normal Ag-based FCLEDs, the light output power of the CRS-FCLEDs was increased by 6.3% at an
operational current of 1500 mA, with the corresponding external quantum efficiency improved by
6.0%. Further investigation proved that the CRS structure exhibited higher reflectance compared with
the commonly used Ag-mirror reflective structure, which originates from the increased reflective area
in the sidewall and partial area of the n-GaN contact orifices. It exhibited markedly smaller optical
degradation and thus higher device reliability as compared to normal Ag-based FCLED. Moreover,
the light emission intensity distributions and far-field angular light emission measurements show
that the CRS-FCLED has a strengthened light output in the vertical direction, which shows great
potential for applications in high-power fields, such as headlamps for automobiles.

Keywords: CRS-FCLEDs; light extraction efficiency; composite reflection microstructure

1. Introduction

With the development of semiconductor materials and packaging technology, the
luminous flux of high-power white LEDs has rapidly improved. The application of LEDs
in the automotive lighting field has gradually expanded, from signal indicators to cur-
rent automotive headlights, reflecting the development trend that LEDs will become the
mainstream light source in this field [1-4]. Flip-chip LEDs (FCLEDs) exhibit excellent heat
dissipation performance and high light efficiency, and have been attracting great attention
in the field of high-power LEDs. Forming a p-type ohmic contact electrode with high
reflectance and low ohmic contact resistance is the key to realize high-efficiency FCLEDs [5-
7]. However, high power LED lighting generally requires high current density and vertical
light extraction efficiency owing to the dense packaging [8-10]. External quantum effi-
ciency (EQE) is the ratio between the number of electrically injected carriers and externally
observed photons. EQE is usually related to the reflectivity or reflective area of the mirror
inside the chip and the surface light extraction structure such as the surface roughness
and photonic crystals [11,12]. Internal Quantum Efficiency (IQE) is the ratio between the
electrically injected carriers and the internally emitted photons. It mainly depends on the
carrier injection efficiency and the compound efficiency of quantum well [13].

In order to improve the EQE, Ag-based reflective p-electrodes are widely used in
FCLEDs owing to their superior electrical properties and high reflectivity in the visible
wavelength range [14,15]. However, the Ag contact suffers from poor adhesion, inferior
ohmic behavior, and thermal instability such as migration. Therefore, it is necessary to
maintain a sufficient distance between the Ag mirror and a PN junction in the LED chip
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design, and cover it with a TiW barrier diffusion layer [16,17], resulting in the loss of
emission area and thus reducing the output efficiency. In addition to the normal Ag-base
FC LED device structures, there are also DBR-base FC LED device structure that use ITO
and interdigitated metal contact for current spreading layers, but these structures bring out
degradation of the optical performance, reliability, and lifetime of the optoelectronic device
with the high-power input due to the poor current spreading ability of the interdigitated
metal contact [18-20].

In this paper, we combine the advantages of silver mirror and DBR while tackling
the disadvantages of both, and report the demonstration of an FCLED with a novel com-
posite reflection structure (CRS-FCLED) that simultaneously improves the light output
power (LOP) and vertical light extraction efficiency. Compared with the commonly used
FCLED with a single Ag-mirror layer as the reflective layer, the CRS-FCLED with an
Ag/SiO, /distributed Bragg reflector (DBR)/SiO; reflective structure exhibited improved
reflectance. Further investigation proved that the SiO, /DBR/SiO, composite layer covers
the sidewall and part of the area of the n-GaN contact orifices that are evenly distributed
across the whole area of the LED chips, which improves the light extraction efficiency.
When operated under currents of 700, 1000, and 1500 mA, the light outputs of the CRS-
FCLEDs are improved by 3.8, 5.1, and 6.3%, respectively, and the corresponding external
quantum efficiencies (EQEs) improved by 3.4, 4.7, and 6.0%, respectively. It exhibited
markedly smaller optical degradation and thus higher device reliability as compared to t
normal Ag-based FCLED. Moreover, the light emission intensity distributions and far-field
angular light emission measurements proved that the intensity of the emission light from
the CRS-FCLEDs is significantly increased, especially in the vertical direction, which is
advantageous for high-power field applications, such as headlamps for automobiles.

2. Materials and Methods

The LED samples were grown on the c-plane of the patterned sapphire substrate using
the metal-organic chemical vapor deposition (MOCVD) method. The epitaxial structures of
the LED from the bottom to the top were as follows: a 20 nm AIN buffer was deposited by
reactive sputtering at 300 °C, which can be as a buffer layer and interlayer in order to favor
an oriented growth and improve the GaN crystal quality [21,22], a 3-um undoped GaN
layer, a heavily Si high doping n-GaN layer with a thickness of 2.5 um, an InGaN/GaN
superlattice structure with a thickness of 120 nm that can act as a strain release layer,
five pairs of InGaN/GaN multiple quantum wells (MQWs) with a thickness of 30 nm, a
40-nm low temperature p-GaN layer, a 48-nm p-AlGaN/GaN electron blocking layer, and a
110-nm Mg- doped p-GaN layer. The dimensions of the CRS-FCLED are 1400 x 1400 pm?
for high-power applications.

The main fabrication processes of the CRS-FCLED were shown in Figure 1. The
detailed processing steps are as follows: the n-GaN contact orifices are fabricated by
an inductively coupled plasma (ICP) etching method with a BCl3/Cl, mixture gas. A
10-nm ITO contact layer was then deposited on the p-GaN by the magnetron sputtering
method, followed by annealing in N ambient at 550 °C to improve the contact properties.
Subsequently, a layer of Ag (120 nm) is sputtered on top of the ITO that acts as the reflecting
layer [Figure 1a]. For the fabrication of the CRS structure, a layer of SiO, (300 nm) was
first deposited on top of the Ag-mirror layer, after which an insulating DBR structure with
20 pairs of periodically arranged SiO;, and TiO; layers (82.3 nm/40.5 nm) is deposited on
the top of the SiO; layer and partially filled the via orifices. Then, a 300-nm SiO; layer is
deposited on top of the DBR structure for better passivation protection. Finally, the p-GaN
contact orifices and n-GaN contact orifices were fabricated by ICP etching with a CF;/O,
gas mixture as the etching gas source [Figure 1b]. After the fabrication of the CRS structure,
the first electrode layers of Cr (0.5 nm)/Al (1 um)/Cr (40 nm)/Pt (0.2 um) were deposited
on the DBR and filled the p-contact orifices and n-contact orifices. A SiO, insulating layer
with a thickness of 1.2 um is deposited on the top of the first electrode layer grown by
plasma-enhanced chemical vapor deposition, with the interconnected orifices formed by
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the buffer oxide etchant (BOE) wet etching method. Finally, an AuSn alloy solder layer was
deposited by thermal evaporation to meet the welding reliability requirements for high
power applications [Figure 1c].
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Figure 1. Main fabrication process of the CRS-FCLED. (a) a layer of Ag (120 nm) is sputtered on top

of the ITO that acts as the reflecting lay-er; (b) the p-GaN contact orifices and n-GaN contact orifices
were fabricated by ICP etching with a CF4/02 gas mixture as the etching gas source; (c) an AuSn
alloy solder layer was deposited by thermal evaporation.3. Results and Discussion.

The electrical and optical properties of the FCLEDs were characterized by an auto-
matic wafer measurement system and integrating sphere (Everfine, CAS-140D, Hang-zhou,
China). The cross-sectional images were analyzed by the scanning electron micro-scope
(ZEISS, Y IGMA 300, Tokyo, Germany). The reflectance of mirrors were measured by ultra-
violet spectrophotometer (Hitachi, UH4150, Tokyo, Japan). A 50-W tungsten halogen lamp
and a monochromator were used for measuring the reflectance of the mirror. The in-cident
angle for the ultraviolet spectrophotometer was 90°. The light emission patterns were ana-
lyzed using a light intensity distribution tester (Everfine, LED626, Hangzhou, China). The
reliability was tested using reliability test system (Everfine, NK -1020, Hangzhou, China).

3. Results and Discussion
3.1. High Reflectivity Layers Selection

The p-type ohmic contact electrodes of FCLEDs should have high reflectivity and low
contact resistance. To realize this, metallic and DBR mirrors can be used as highly reflective
layers in flip chips owing to their high reflectance in the visible wavelength range [23].
Further, ITO was sandwiched between the reflection layer and the p-GaN to decrease the
p-type contact resistance. On the other hand, DBR, instead of metallic mirrors, can be
used as reflection layer [24]. For comparing the reflectance, Ni (1 nm)/Ag (150 nm), ITO
(10 nm)/Ag (150 nm), ITO (10 nm)/ DBR (2.1 pm), and ITO (10 nm)/ Ag (150 nm)/ SiO,
(300 nm)/ DBR (2.1 um)/ SiO; (300 nm) films were deposited on the quartz glass. To
simulate the actual reflection of the chip, all the layers were patterned by a photoresist
mask and etched by ICP etching with a CF4/O, gas mixture. The reflectance as a function
of wavelength is shown in Figure 2.
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Figure 2. Reflectance of Ni/Ag, ITO/Ag, ITO/DBR, and ITO/CRS films (inset: normal pattern and
CRS pattern).

At the wavelength of 450 nm, the measured reflectance of Ni/Ag, ITO/Ag, ITO/DBR,
and ITO/CRS were 88.38, 96.5, 95.13, and 98.8%, respectively. Ni/Ag exhibits the lowest
reflectance due to strong absorption of light by the underlying Ni layer. Compared with
Ni/Ag, ITO/DBR showed a higher reflectivity, but the DBR had a very low reflectivity in
partial wavelength, and the reflective spectrum was blue shifted toward the short wave-
length when the incident angle of light was increased [25]. Further, the higher reflectance
of ITO/CRS films in visible light than that of ITO/Ag films and ITO/DBR indicates that
ITO/CRS films can efficiently substitute the normal ITO-Ag reflection systems.

3.2. Cross-Sectional SEM Image

Figure 3a,b shows a top-view scanning electron microscope (SEM) image of the normal
Ag-based FCLED and CRS-FCLED, respectively. Their layouts are nearly identical except
for the reflective layer structure. The n-contact orifices are evenly distributed over the entire
area of the LED chip to enhance current spreading. The cross-sectional SEM images of both
LEDs are shown in Figure 3c,d, and the corresponding schematic illustrations are shown in
Figure 3e,f. As shown in Figure 3c e, the diameter of the n-contact orifices in the Ag layer is
larger than that of the n-GaN contact orifices in the normal Ag-based FCLEDs, to avoid Ag
migration on forward current aging or bulk leakage by electrode destruction near the V-pit
defect region [26]. However, this diameter mismatch can form an emission loss area. The
light emitted from the sidewall of each n-GaN contact orifice can be absorbed by n-pad
metals with low reflectance, such as Cr and Au, which can decrease the light extraction
efficiency. This emission loss phenomenon can be effectively reduced in CRS-FCLEDs. As
shown in Figure 3d.f, at the edge of the Ag mirror, the DBR mirror continues to extend
the reflection area, covering the upper and lower mesa gentle slope and the n-via area to
maximize the reflection area. As a result, CRS-FCLEDs can achieve improved reflection
performance compared with normal Ag-based FCLEDs.
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Figure 3. (a) Top-view SEM image of normal Ag-based FCLED. (b) Top-view SEM image of CRS-FCLED. (c) Cross-sectional
SEM image of normal Ag-based FCLED milled by FIB along c-c direction. (d) Cross-sectional SEM image of CRS-FCLED
milled by FIB along the d-d direction. (e) Schematic illustration of the light extraction of normal Ag-based FCLEDs. (f)
Schematic illustration of the light extraction of CRS-FCLEDs.

3.3. Light Emission Distributions

The light emission intensity distributions of the normal Ag-based FCLEDs and CRS-
FCLEDs, when driven by an injection current of 1500 mA [Figure 4], shows that the total
emission region of the CRS-FCLEDs is larger, owing to the increased reflective area at the
sidewall and partial area of the n-GaN contact orifices. Moreover, the emission intensity in
the emission region around the n-GaN contact orifices is explicitly higher than that in other
emission regions. It has been reported that the number of photons generated in the active
region around the electrode is significantly higher than that in other regions of the LED
because of the current crowding effect around the electrode [27]. Therefore, even though
the increased total reflective area of the CRS-FCLEDs is negligible, the light extraction
efficiency can be significantly improved because the number of photons generated around
the electrodes is considerably higher than that in other emission regions.

— -
=

EL intensity

(a) (b)
Figure 4. (a) Light emission distributions in the normal Ag-based FCLED. (b) Light emission intensity
distributions in the CRS-FCLED.

Another issue that the uniformity of current spreading on the thermal management
is extremely important for the high-power applications. The reason why CRS-FCLED
has A better light emission intensity distributions can be explained by the better current
distribution. Further indicating that the CRS-FCLED has a more uniform temperature
distribution due to the uniform current spreading [28].
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3.4. Characteristic Curve

The dependence of the forward voltage and LOP versus injection current for the
normal Ag-based FCLED and CRS-FCLED are shown in Figure 5a. The current-voltage
curves of the two LEDs are nearly identical, indicating that both have similar p-type and
n-type contact spreading resistance [29]. As the injection current increased, the output
power of the CRS-FCLEDs showed better performance. At 350 mA, the LOP of the CRS-
FCLED is 3.8% higher, which is further increased to 5.1% at 1000 mA. Finally, at 1500
mA, the LOP of the CRS-FCLED is 6.3% higher than that of the normal Ag-based FCLED.
Meanwhile, the EQE of the CRS-FCLEDs improved by 3.4, 4.7, and 6.0% at 350, 1000, and
1500 mA, respectively [Figure 5b]. The improvements can be attributed to the increased
high reflection area, which helps to increase the light extraction efficiency. In addition, the
degree of enhancement is larger at high injection currents, which can be explained by the
better current distribution of the CRS structure.
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Figure 5. (a) Forward voltage and LOP versus injection current for normal Ag-based FCLED and
CRS-FCLED. (b) EQE versus injection current for normal Ag-based FCLED and CRS-FCLED.

3.5. Optical Degradation Reliability

Moreover, as shown in Figure 6, the optical degradations of the CRS-FCLED and
normal Ag-based FCLED at 85 °C were also investigated using an injection current of
1500 mA. After high temperature operation life test (1000 h), the light output power of
CRS-FCLED decreased by 3.07%, whereas that of the normal Ag-based FCLED decreased
by 9.92%. Clearly, the CRS-FCLED exhibits significantly smaller optical degradation and
thus, offers a higher device reliability as compared to the normal Ag-based FCLED.
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Figure 6. Optical degradation of CRS-FCLED and normal Ag-based FCLED during high-temperature
operation life test. (inset: Reliability testing system).

To investigate the optical degradations origin, SEM observations were performed
for the FCLEDs after forward current aging, as shown in Figure 7a,b. Notably, after
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high temperature operation life test (1000 h), the Ag-based FCLED sample with SiO,
passivation layer showed many metallic clusters on adjacent mesa surface, indicating a
migration of Ag to n-contact side. Interestingly, no Ag cluster was observed in the sample
with CRS passivation layer. Therefore, current crowding across the thick p-reflective
electrode adjacent to the n-electrode would result in surface leakage and output drop
because of Ag migration on forward current aging, the forward current aging resulted
in a noticeable output degradation in Ag-based FCLEDs due to the surface migration of
Ag [30,31]. The CRS structure covered by the SiO, /DBR/SiO, passivation layers consisting
of three dielectric stack layers is found to be effective in suppressing the Ag migration.
In addition, the mentioned structure is considerably effective in passivating the exposed
surfaces of ITO and n-GaN layers after ICP etching, resulting in decreasing the trap density
near the surface, minimizing the leakage current through the surface of the LED. Ag
migration protection will determine the reliability of the flip-chip in high current injection
conditions. In contrast with the normal Ag-based FCLED with a S5iO; passivation layer that
is less than 1 um thick, the CRS structure covers the p-reflective electrode and n-electrode
with over 3-pm SiO,/DBR/SiO, sandwich passivation layer, which further effectively
blocks the path of Ag migration to the n-electrode.

SiO; passivation CRS passivation

Figure 7. SEM top view of FCLED after forward current aging with (a) SiO, passivation layer;
(b) CRS passivation layer.

3.6. Far-Field Radiation Pattern

Figure 8a shows the LED module fabricated with our CRS-FCLEDs for use in a high-
power application. All the LED chips were packaged in an AIN ceramic matrix with high
thermal conductivity. For high-power applications, the LED module must have a high
packaging density to obtain the maximized optical density per unit area, with the distance
between LED modules designed to be minimized within a short range of only 100-200 um.
However, high losses occur at large emission angles due to the narrow distance between
chips, and this is not beneficial for the light output of the LED module. Figure 8b shows
the far-field angular light emission patterns of the normal Ag-based FCLEDs and CRS-
FCLEDs. The operational current is 1500 mA for both LEDs, which is in accordance with
the normal working conditions of the headlight module. Compared with the normal
Ag-based FCLEDs, the intensity of the emission light from the CRS-FCLEDs is significantly
increased, especially in the vertical direction, and the intensity of the emission light in the
large angle direction is rarely increased. This result can be well explained by the additional
reflection area of the CRS-FCLEDs. As the location of the additional reflective area is on
the sidewall and covers part of the n-GaN contact orifices, the photons emitted from the
side wall can be extracted with the emission angle changing in the vertical direction. As a
result, the CRS-FCLED achieved the unique characteristic of strengthened light output in
the vertical direction.
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Figure 8. (a) LED high power module with dense matrix package. (b) Far-field radiation pattern of CRS-FCLED and normal
Ag-based FCLED at 1500 mA.
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