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ABSTRACT 

 

Micro-LEDs with MOCVD-grown tunnel junctions and properties of efficient InGaN red 

Micro-LEDs 

 

Panpan Li 

 

Micro-size light-emitting diodes (μLEDs) have attracted huge attentions as the next-

generation display technology for the wide applications, such as wearable watches, 

virtual/augmented reality, micro-projectors, and ultra-large televisions. InGaN LEDs or laser 

diodes with epitaxial tunnel junctions (TJs) are attractive due to several advantages, such as 

simple fabrication process, higher efficiency, and lower efficiency droop by improved current 

spreading, less loss. In the first part, high performance InGaN µLEDs with MOCVD-grown 

TJs were successfully demonstrated using selective area growth (SAG) and 

p+GaN/InGaN/n+GaN structure. SAG apertures provide paths for the out diffusion of H+ 

atoms, which passivated Mg atoms in the p-type GaN during the overgrowth of TJs. The 

forward voltage (Vf) in the SAG TJ µLEDs is independent on the device sizes, suggesting that 

the H+ atoms are effectively removed through the holes on top of the p-GaN surface. The Vf 

@ 20 A/cm2 in the TJ µLEDs utilizing SAG is significantly reduced to 3.24 V. Moreover, the 

output power of TJ µLEDs with SAG is ~10% higher than the common µLEDs with indium 

tin oxide (ITO) contact. The InGaN TJs µLEDs show a significant reduction of Vf by ~0.6 V 

compared to the common n-GaN TJs µLEDs. The external quantum efficiency (EQE) of the 

packaged TJ µLEDs was improved by 6% compared to the common µLEDs with common 

ITO contact. These demonstrations solve the key challenges of MOCVD-grown TJs. Then, 
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we present fully MOCVD-grown InGaN cascaded µLEDs with independent junction control. 

The cascaded µLEDs consisted of a blue emitting diode, a TJ, and a green emitting diode. We 

can control the injection of carriers into blue, green, and blue/green junctions in the same 

device independently.  

Finally, we present the state-of-the-art InGaN-based red μLEDs, which have become 

research focus now in the whole nitride community. The common AlInGaP red μLEDs show 

a dramatical reduction of the EQE with decreasing the devices area and poor thermal property. 

We demonstrated several remarkable InGaN device performances with emission wavelength 

greater than 600 nm. First, we reported that the EQE of InGaN red µLEDs has less influence 

from the size effect due to the lower surface recombination velocity, compared to conventional 

AlInGaP red µLEDs. Moreover, we investigated the temperature-dependent electrical 

luminesce characteristics of InGaN red µLEDs, and we found that InGaN red µLEDs have 

superior device performances even operating at high temperature up to 400 K. We realized 

5×5 µm2 InGaN devices with a peak EQE value of 2.6%. We also present red InGaN 60×60 

µm2 µLED with SAG TJ contact, which show a peak EQE of 4.5% at 623 nm. These values 

about InGaN red µLEDs are one of the best reported among the literatures. A 568 nm 

stimulated optically lasing from our InGaN red MQWs was also achieved.  
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Introduction 

1.1 GaN basics 

Gallium nitride (GaN) is a binary III/V direct bandgap compound semiconductor. The 

common GaN has a wurtzite crystal structure, as shown in Fig. 1.1. The energy band gap is 

3.4 eV. As show in Fig. 1.2, the band gap of InGaN or AlGaN alloy compound semiconductor 

covers the emission wavelength from ultra-violet to all visible range, making them very 

attractive for the optoelectronic, such as light-emitting diodes (LEDs) and laser diodes (LDs). 

By incorporating indium as InGaN material, the bandgap can be tuned from 0.9 eV to 3.4 eV, 

which covers the full range of visible light. Meanwhile, by incorporating Aluminum as InGaN 

material, the bandgap can be tuned from 3.4 eV to 6.2 eV, which offers the emission 

wavelength at ultra-violet range. [1] 

 
Fig 1.1 Crystal structure of wurtzite GaN. 
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Fig 1.2 Band gap over lattice constant for AlN, GaN, and InN and its related alloy. 

 

Another important application of GaN material is for the high-power and high-frequency 

devices. A comparison of commonly used semiconductor materials for high-power and high-

frequency devices, such as Si, GaN and SiC is listed in Table I. GaN material show a much 

higher electron mobility of ~2000 cm2/V/s by forming a two-dimensional electron gas (2DEG) 

at the AlGaN/GaN interface, followed by a much higher bandgap as compared to the Si. In 

Khan et al. reported the first observation of enhanced electron mobility in AlGaN/GaN 

heterojunctions, resulting in the high electron mobility transistor in 1993. [2, 3] This paves 

the way to high- performance of high-power and high-frequency devices with a high breaking 

down voltage and a low on-resistance using GaN material. 

 

Table I, Comparison of Si, GaN, 4H-SiC compound semiconductor properties 

 Si GaN  4H-SiC 

Band Gap Eg(eV) 1.1 3.39 3.26 

Breakdown Electric 

Field (MV/cm) 
0.3 3.3 3.0 

Electron mobility 

(cm2/V/s) 
1350 2000 700 

Releative dielectric 

constant 
11.8 9.0 10 
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1.2 GaN-based LEDs. 

The following Fig. 1.3 shows the development of LEDs. [4] Red and green LEDs were 

first commercialized in 1962 and 1974 using GaAsP and GaP, respectively. But there is no 

report about blue LEDs since the GaN material crystal quality is very poor and there is lack 

of bulk GaN substrate in the nature. In 1985, H. Amano et al. from Professor Akasaki group 

in Nagoya University firstly achieved mirror-like GaN thin film using metal organic chemical 

vapor deposition (MOCVD) by introducing 2-two step growth, that is growing a low 

temperature AlN nucleation layer before the growth of high temperature GaN material at 1020 

˚C. [5] P-type GaN was obtained using low-energy electron beam irradiation (LEEBI) 

treatment. [6] But the mechanism remains unclear. Dr. Nakamura from Nichia Corporation 

made the breakthrough by growing GaN material using a two-flow MOCVD. [7] A low 

temperature GaN thin film was achieved by using a low temperature GaN nucleation. P-type 

GaN was realized by using a simple thermal annealing, which is using by all the LEDs 

manufacturer now. [8] Mg passivated by hydrogen was identified as the cause for 

compensation effect in the p-type GaN, which can be easily broken by activating in a high 

temperature over 600 ˚C. Double-heterostructure-type/quantum wells (QWs) structure InGaN 

blue LEDs was firstly demonstrated and successfully commercialized in 1993 and first InGaN 

violet LDs was reported in 1996 by Dr. Nakamura. [9-11] 
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Fig 1.3 Development of LEDs (Reproduced with permission from ref. [4]). 

 

After the decades of development, GaN-based LEDs has shown great success as the solid-

state lighting source, which have a higher energy efficiency, longer lift time, and better 

reliability. GaN-based blue LEDs have been widely used in the back lighting, general lighting, 

auto headlight, traffic light and so on. The market value of GaN-based white LEDs by 

combining with yellow phosphor has been larger than 100 billion dollars per year. The 

external quantum efficiency (EQE) of InGaN blue LEDs has reached as high as 72% and the 

EQE of InGaN green LEDs (>520 nm) has larger than 50%. [12, 13] 

The epitaxy structure of GaN-based LEDs is typically consisted with a n-type GaN (Si-

doped), InGaN/GaN superlattices (SLs), InGaN/GaN multiple quantum wells (MQWs), p-

type AlGaN electron blocking layer (EBL), and p-type GaN (Mg-doped). The EQE of GaN-

based LEDs show an efficiency droop as the injection current increases. Fig. 1.4 shows the 

carrier recombination in the InGaN LEDs. In the ABC model, the EQE can be expressed by 

EQE=LEE×Bn2/(An + Bn2 + Cn3), where LEE is the light extraction efficiency, A is Shockley-
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Read-Hall nonradiative recombination coefficient, B is radiative recombination coefficient, C 

is the Auger recombination coefficient, and n is the carrier density. [14] The defect-related 

Shockley -Read- Hall (SRH) recombination results in a nonradiative recombination (term A𝑛), 

which is caused by the high dislocation density in the InGaN QWs or any sidewall damage. 

Auger (term 𝐶𝑛3) nonradiative recombination is pronounced in the InGaN LEDs, which has 

been experimentally evidenced by electro-emission spectroscopy (EES) measurements. Also, 

electron can be escaped out of the MQWs to the p-type GaN since the mobility and 

concentration of electron is much higher than the hole. Growing InGaN LEDs on semipolar 

or nonpolar oriented GaN is proposed to alleviate the efficiency droop, although the semipolar 

or nonpolar GaN substrate is much costly. Another challenge of InGaN LEDs is the “green 

gap” issue, which will be discussed in 1.4 section.  

 

 
Fig 1.4 Carrier recombination schemes revealing the mechanisms of current droop 

effect in a GaN based LED [11]. 

 

1.3 GaN-based micro-LEDs. 

Micro-size light-emitting diodes (µLEDs) are the LEDs size less than 100×100 µm2, 

which were first reported in 2000 by the research group of H. Jiang and J. Lin of Texas 
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Tech University while they were at Kansas State University (Fig. 1.5). [15] Nowadays, 

µLEDs are attracting huge attention for the emissive display with a higher efficiency, 

longer operating lifetime and a higher pixel density compared to liquid crystal display and 

organic light-emitting diodes (LEDs). µLEDs. µLEDs are regarded as the next-generation 

display technology to meet the personalized demands of advanced applications, such as 

mobile phones, wearable watches, virtual reality (VR), augmented reality (AR), micro-

projectors and ultrahigh-definition TVs and so on.  

 
Fig 1.5 (a) Schematic layer structure diagram and (b) SEM image of InGaN/GaN quantum 

well micro-size LEDs (μLEDs) (after Ref. [15]). 

 

But the EQE of µLEDs faces severe size effect, which decreases dramatically with 

reducing size to several micrometer scale. This is due to the SRH nonradiative recombination 

when the sidewall area to the device volume is very large. It is found that proper sidewall 

passivation by atom layer deposition (ALD) SiO2, the EQE of ultra-small size GaN based blue 

µLEDs or AlInGaP red µLEDs can be significantly improved. R. Ley reported a higher EQE 

in 2 µm InGaN blue/green µLEDs than that 100 µm size µLEDs by chemical treatment and 

dielectric passivation. These results prove the importance of GaN-based µLEDs with ultra-

small size, which can be implanted for the AR and VR application.  
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1.4 Development of InGaN-based red micro-LEDs. 

For the RGB display, III-nitride materials are usually used for the blue and green LEDs 

and AlInGaP materials are employed for the red LEDs.[16] But red µLEDs have become an 

obstacle for the µLEDs display. On one hand, the EQE of AlInGaP-based red µLEDs faces 

severe size effect, which reduces dramatically by decreasing size to sub-micrometers scale, 

although AlInGaP LEDs with a regular size show a high EQE.[17-19] This is because that the 

surface recombination velocity of AlInGaP material is high (~105 cm/s), resulting in a high 

nonradiative recombination loss due to sidewall damage for very small size device.[6] Also, 

the thermal stability of AlInGaP red µLEDs is very poor.[20, 21] Lee et al. reported that the 

output power of 10-µm AlInGaP red µLEDs at 120 °C reduces dramatically to be less than 

20% of the output power at room temperature.[20] Also, it is very challenging to assemble 

millions of InGaN blue/green µLEDs and AlInGaP red µLEDs with different materials system 

in one full-color display. The large difference in the operation voltage for AlInGaP red µLEDs 

(2.0~2.5 V) and InGaN blue/green µLEDs (>3.0 V) becomes problematic for the driven 

design.[22]  

On the other hand, InGaN LEDs suffer from “green gap” challenge: that is the EQE of 

InGaN LEDs reduces dramatically as the emission wavelength goes into green or longer range 

(>520 nm).[23] The main causes for the low efficiency of the InGaN red µLEDs are the strong 

quantum-confinement Stark effect (QCSE) and the high defect density due to a low growth 

temperature of ~760 ˚C for the InGaN quantum wells (QWs) and a large lattice mismatch 

between InGaN QWs and GaN barriers.  The EQE of InGaN green LEDs have been largely 

improved.[24~26] Development of high efficiency InGaN-based red µLEDs becomes 

research focus now due to several unique properties of InGaN materials. The first one is the 
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less significant size effect of EQE for the InGaN-based µLEDs by proper sidewall passivation 

and treatments.[27~28] The EQE of InGaN µLEDs can maintain a similar value even for the 

size down to 1 µm as compared to the 100 µm device. Also, the InGaN µLEDs exhibit a much 

robust thermal stability at a high operation temperature.[29] The employment of InGaN-based 

full color µLEDs display can largely simplify the driven design.[30] In the following section, 

we will discuss about the recent developments of InGaN-based LEDs/µLEDs using different 

technology. 

In 2014, Hwang et al. from Toshiba reported regular size (0001) InGaN red LEDs grown 

on PSS. [31] A high Al composition Al0.9Ga0.1N layer was inserted on top of InGaN red QWs, 

resulting in the uniform red emission from fluorescence images. From Fig. 3, the 460×460 

μm2 size InGaN red LEDs show an output power of 11 mW, an EQE of 2.9% and an emission 

wavelength of 629 nm at 20 mA. Another weak peak located at 430 nm was observed in the 

spectra, which is related to the phase-separated component in the InGaN red QWs. 

In 2020, Iida et al. from KAUST reported InGaN red LEDs growing on PSS using 8-μm-

thick nGaN underlying with a lower residual in-plane stress. The red LEDs show a peak 

emission wavelength of 633 nm, a light output power of 0.64 mW and an external quantum 

efficiency of 1.6% at 20 mA. [32] Meanwhile, they demonstrated 10×10 arrays of InGaN 

17×17 μm2 μLEDs as shown in Fig. 4. [33] The peak wavelength is blue shifted from 662 to 

630 nm at 10 to 50 A∕cm2. The on-wafer EQE was 0.18% at 50 A/cm2 and the output power 

density was 1.76 mW∕mm2.  

In 2021, Li et al. from UCSB demonstrated a significant progress of InGaN red μLEDs 

on PSS. [27, 29, 30] The packaged 607 nm InGaN red μLEDs show a peak EQE of 2.4% to 

2.6% as the size reduces from 100×100 μm2 to 20×20 μm2. The same team also demonstrates 
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InGaN red μLEDs with a peak EQE of 3.2% and a much robust thermal stability as compared 

to the common AlInGaP red μLEDs. Moreover, Li et al. from UCSB reported ultra-small 5×5 

μm2 InGaN amber μLEDs grown on PSS with a peak EQE greater than 2%. Since the AR and 

VR display demand μLEDs with a size smaller than 10×10 μm2, the excellent optical and 

electrical performance of the 5×5 μm2 InGaN amber μLEDs suggest the promising application 

for AR and VR micro-display using InGaN materials. The Light Tool simulation reveal that 

the light extraction efficiency (LEE) of 76% in the 5×5 μm2 InGaN red μLEDs is higher than 

64% in the 100×100 μm2 μLEDs due to an enhanced light scatting from the sidewalls. But the 

EQE of 5×5 μm2 InGaN μLEDs is lower than that of 100×100 μm2 μLEDs (3.2%). Therefore, 

the impact of nonradiative recombination from the sidewalls damage can’t be neglected in 

such small μLEDs. New less damage sidewalls etching process is believed to be a good 

approach improve the efficiency of ultra-small InGaN μLEDs. 

In 2019, Jiang et al. from Nanchang University proposed “3D pn junction” from V-pits 

injection. [24] The V-pits can screen the dislocations and increase the hole injection into active 

region. In 2020, the same team reported efficient InGaN-based red LEDs grown on Si (111) 

substrates.[34] The voids of V-pits reduce compressive strain and benefit for the growth of 

high In composition InGaN QWs. The hybrid MQWs design with yellow QWs and orange 

QWs enables a high peak wall-plug efficiency (WPE) of 24% at 0.8 A/cm2 with an emission 

wavelength of 608 nm. 621 nm InGaN red LEDs with a peak WPE of 16.8% was achieved 

with a very low forward voltage of 1.96 V at 0.8 A/cm2. Theorical simulation of “3D V-pits 

injection” has been investigated.[35] 
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Even et al. from LETI and Soitec observed a significant enhancement of indium 

incorporation in full InGaN heterostructure grown on semi-relaxed InGaN pseudo-substrate 

(InGaNOS) due to the composition pulling effect.[36] The InGaNOS was developed by Soitec 

based on its Smart CutTM technology and offers a thin relaxed InGaN seed layer. The 

photoluminescent (PL) was red shifted by ~50 nm by growing InGaN QWs on InGaNOS 

compared to the common GaN template. In 2021, Dussaigne et al. from LETI and Soitec 

reported InGaN red μLEDs grown on InGaNOS with a lattice parameter of 3.210 Å. The 10 

μm diameter circular 625 nm InGaN red μLEDs show an EQE of 0.14% at 8 A/cm2, despite 

of the LEE estimated below 4%. Also, White et al. from UCSB and Soitec have greatly 

improved the EQE of 80×80 μm2 609 nm InGaN μLEDs on InGaNOS to 0.83% by reducing 

the defect density in the InGaN/GaN buffer layer and optimizing the p-type structure (Fig. 

7).[37] Noted that the growth temperature for red QWs on InGaNOS is much higher than the 

typical red QWs grown on GaN template (close to green InGaN QWs growth temperature).  

Pasayat et al. from UCSB developed compliant GaN on porous GaN pseudo-substrates 

(PSs) for strain relaxed InGaN layer.[38] A 10×10 μm2 pattern with a 100 nm compliant GaN 

cap layer was grown on top of the porous GaN layer. Doping selective electrochemical (EC) 

etching was used to form the nano-porous structure. The 440 nm thick InGaN layer with 3~4% 

indium composition grown on the PSs shows a 56% strain relaxation from x-ray diffraction 

reciprocal space map (RSM). The peak wavelength was red shifted by 56 nm. The 632 nm 

InGaN red μLEDs (6×6 μm2) show a peak on-wafer EQE of 0.2%. The output power density 

was 2.1 mW/mm2 at 100 A/cm2. But such technology involves complicated fabrication 

process and materials overgrowth. The thermal conductively and reliability remains poor for 

the nano-porous template.  
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Chan et al. from UCSB developed a novel technology using in-situ InGaN decomposition 

layer (DL) to realize highly strain relaxed InGaN PSs.[39] A 3 nm thick very high indium 

composition InGaN DL and a 100 nm deposition stop layer were grown, and then a thermal 

annealing at 1000 °C was carried out. Voids were formed in the DL. The 200 nm In0.04Ga0.96N 

grown on top were highly relaxed with an 85% biaxial relaxation confirmed by XRD RSM. 

The PL wavelength was red shifted by 75 nm from 440 nm to 515 nm. Moreover, the same 

team reported 100% fully strain relaxed In0.04Ga0.96N layer. Red emission was obtained by 

growing the QWs at a very high temperature of 870 °C. [40] The 633 nm red LEDs show a 

peak on-wafer EQE of 0.05%. The operation forward voltage is as low as 2.25 V at 25 A/cm2. 

This technology is much more practical without introducing any extra complicated process or 

overgrowth as compared to InGaNOS and nano-porous template. The surface of relaxed 

InGaN buffer layer is very rough from atomic force micrograph with a lot of pits. Further 

epitaxy optimization is needed to minimize the surface roughness and reduce the defect 

density.  
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2. GaN-based Tunnel junctions grown by MOCVD  

Since the first tunnel junction (TJ) was demonstrated in 1958 by Esaki in a highly doped 

Ge p-n junction, [1] there has been of great interest to develop GaN-based optoelectronic 

devices such as light-emitting diodes (LEDs) and laser diodes (LDs) with TJs due to several 

advantages. [2] By operating the TJs at a reverse biased condition, an electron in the valence 

band of p-GaN tunnels into the conduction band of n-GaN, leading to a hole injection into p-

GaN. [3-4] TJs offer an enhanced current injection and current spreading as it is much easier 

to form a good ohmic contact to n-GaN with a lower resistivity than p-GaN. [5]  TJs also 

provide a reduced light absorption than the semi-transparent Ni/Au metal contacts or 

transparent indium tin oxide (ITO) contact, and a less loss as cladding layer for LDs. [6]  

Moreover, TJs can not only enable the realization of cascaded LEDs, [7-8] but also can 

connect multiple devices in a tandem structure such as multi-junctions solar cells, [9-11] and 

multi-junction lasers. [12] Furthermore, GaN-based tunnel junctions are expected to be used 

as a superior current confinement in GaN-based vertical-cavity surface-emitting lasers. [13-

20] Efficient tunnel junctions (TJs) for GaN-based optoelectronic and electronic devices have 

been attractive due to the advantages of reduced absorption and loss and improved current 

spreading. [1-2] More importantly, cascaded LEDs could be realized through connecting by 

TJs, which could be a good approach to solve the efficiency droop and monolithically integrate 

red/green/blue LEDs in one device. [4-8] 

In this chapter, we review the physics and development of tunnel junctions and the tunnel 

junctions we grow by MOCVD. This section will be into four different parts: tunnel junction 

LEDs physics and challenges, review of the development of tunnel junction, tunnel junctions 
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using selective area growth by metalorganic chemical vapor deposition and MOCVD grown 

n+GaN/n-InGaN/p+GaN tunnel junctions. 

 2.1 Tunnel Junction LEDs: Physics and Challenges  

To obtain efficient TJs, the doping profile of donors and acceptors should be sharp enough. 

Therefore, the valence band in p-doped layer and the conduction band in n-doped layer are 

very close, resulting in quantum mechanical tunneling shown as Figure 1.  The depletion width 

(w) of p-n diodes needs to reduce for a high tunneling probability. Under a revise bias voltage 

(V), the valence band in p-doped layer will move up. Meanwhile, the conduction band in n-

doped layer will move down, leading to the overlap of energy level between the electrons in 

p-doped layer and the holes in n-doped layer. The depletion width (w) of p-n diodes needs to 

reduce for a high tunneling probability. The w can be obtained by 𝑤 = √
2𝜀(𝑁𝐴+𝑁𝐷)

𝑞𝑁𝐴𝑁𝐷
(𝑉𝑏𝑖 − 𝑉)  

(1), where ε is the permittivity of free space, NA and ND are the donor and acceptor 

concentrations, respectively, q is the electron charge, and Vbi is the built-in potential. Vbi can 

be expressed by 𝑉𝑏𝑖 =
𝑘𝐵𝑇

𝑞
𝐼𝑛(

𝑁𝐴𝑁𝐷

𝑁𝑐𝑁𝑉∙exp(−
𝐸𝑔

𝑘𝑇
)
) (2), where kB is the Boltzmann constant, T is the 

temperature, NC and NV are the effective density of states of the conduction and valence bands, 

respectively, and Eg is the bandgap energy. [21] Thus, increasing the doping concentration or 

inserting low bandgap InGaN layer could reduce w and then increase the tunneling 

probability.  To date, hybrid structure with metalorganic chemical vapor deposition 

(MOCVD)-grown LEDs and molecular beam epitaxy (MBE)-grown tunnel junctions is the 

common approach, which shows a low forward voltage (Vf) with a lowest penalty of 0.2~0.3 

V as compared to the LEDs with common indium tin oxide (ITO) contacts. [1-2] However, 

the output and scalability of MBE are limited. Full MOCVD-grown tunnel junctions LEDs 
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have been of great interest for industry mass production, but they face fundamental materials 

growth issue: Mg-doped p-type GaN will be re-passivated by the formation of Mg-H complex 

during the growth of n-type GaN tunnel junctions due to the crack of NH3 as precursor, which 

is unavoidable during MOCVD growth. The top n-GaN layers of TJs also prevent the out 

diffusion of H atoms during the p-GaN activation anneal, resulting in the p-GaN activation 

issue for the MOCVD-grown tunnel junctions. [26-27] In the conventional mesa-structure 

LEDs, p-GaN can be only re-activated by removing H atoms through sidewalls, which is not 

enough and evidenced by the brighter intensity at the edge area and darker intensity at the 

center area in the electrical luminous image of the tunnel junctions LEDs. Therefore, new 

growth strategy is required to realize efficient MOCVD grown tunnel junctions. 

 

Figure 1 A band diagram for a tunnel junction with a reverse bias of 0.6 V is shown. The acceptor 

density used is 2.5 × 1020 cm-3 and the donor density is 1×1020 cm-3. 

 

2.2 Motivation of GaN Tunnel Junction 

2.2.1 Improve hole injection in GaN-based LEDs 

By operating the Tunnel junctions at a reverse biased condition, an electron in the valence 

band of p-type material tunnels into the empty states in the conduction band of the n-type 
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layer, leaving behind a hole in the p-type material, which results in hole injection into the p-

type layer. Tunnel junctions offer an enhanced current injection and current spreading as it is 

much easier to form a good ohmic contact to n-GaN with a lower resistivity than p-GaN. [15-

16] This is very important for AlGaN-based DUV LEDs. Because p-AlGaN is large bandgap 

materials, which is very hard to form ohmic contact with metals. In the case of deep UV LEDs, 

tunnel junction formed by n-AlGaN/p-AlGaN can overcome the poor ohmic contact problems 

since it is much easier to form ohmic contact to n-AlGaN. Also, n-AlGaN materials show 

lower sheet resistance and better current spreading. Besides that, Thick p-GaN cap used for 

hole injection layer is not required due to tunnel junctions, which can reduce the light 

adsorption loss. The non-equilibrium tunnel-injected holes could also be used to substitute 

thermally ionized holes completely, enabling bipolar devices without any p-type doping. [22] 

Figure 2 shows a top emitting LED structure with a tunnel junction to enable a n-type top 

contact. This device structure enables the replace of the relatively more challenging p-contact 

with low resistance n-type, which could be very important for larger bandgap AlGaN. In 

particular, the DUV LEDs show poor external quantum efficiency, which is about 10%. [23] 

Hole injection efficiency and light extraction become major bottlenecks. Therefore, UV tunnel 

junctions could be very promising for high efficiency UV LEDs.  

 

Figure 2 Epitaxial structure and schematic band diagram showing hole injection in p-GaN using 

a reverse biased tunnel junction 
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2.2.2 multi-junctions devices 

Tunnel junctions play an important role in multi-junction devices (Figure 3), such as in 

multi-color cascaded LEDs, [24] and multi- junction solar cells[19-20] This is very attractive 

in the III- nitride materials system, which enables monolithic integration for applications such  

as full color white LEDs in one device. For example, we can grow blue, green and red 

InGaN-based LEDs on one wafer, connecting by tunnel junctions. Thus, full color LEDs can 

be achieved by independently controlling injection current through multiple electrodes. This 

technology is especially important for Micro-LEDs display application by saving huge effort 

about mass transfer and assemble millions of RGB Micro-LEDs. 

 

Figure 3 Schematic band diagram and epitaxial structure of multiple active regions connected in 

series with interband tunnel junctions. 

 

2.2.3 Solution to efficiency droop using carrier regeneration in tunnel junctions 

GaN-based LEDs have been widely commercialized, and the efficiency of LEDs is very 

crucial for application. LEDs would need to be operated at very high output power density 
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while maintaining high efficiency during application. Typically, the peak efficiency values of 

GaN-based LEDs at low current density are high, but the efficiency decreases dramatically 

when the injection current increases. This is efficiency droop effect. For the multiple cascaded 

LEDs connected in series using tunnel junction interconnects, the devices can be operated at 

low current density with a higher operating voltage as compared to a single LED worked at 

high current density for high output power. The cascaded LEDs structure enables a high light 

output power while still operating each LED at a low current density. [25] Therefore, the 

efficiency droop effect can be alleviated. This results in an overall high wall plug efficiency. 

Also, the epitaxial cascading of active regions leads to a reduction of semiconductor material 

cost. 

2.3 Review of the development of Tunnel junction 

2.3.1 Development of Tunnel Junction grown by MBE 

In 2013, Krishnamoorthy et al. in the Ohio State University reported enhanced 

interband tunnel injection of holes into a p-n junction by using p-GaN/InGaN/n-GaN tunnel 

junctions grown by MBE. [8] The tunnel junctions show a specific resistivity of 

1.2× 10−4 Ω𝑐𝑚2 . The structure consists of a GaN p-n junction on top of a p-GaN/4nm 

In0.25Ga0.75N/n-GaN tunnel junction, so that tunneling is used to inject holes into the p-type 

layer of the p-n junction. Ti (20 nm)/Au (200 nm) ohmic contacts were deposited for the top 

n-contact, followed by mesa isolation, and then evaporation of the bottom n-type contact. No 

p-type contact formation is necessary since the holes are injected by the tunnel junction. This 

p-contact less p-n junction device ( 50μ𝑚 × 50μ𝑚 ) shows very excellent electrical 

characteristics and shows p-n junction behavior with rectification. The total series resistance 
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of the device in forward bias was found by fitting the linear region of the forward bias 

characteristics to be 4.7× 10−4Ω𝑐𝑚2. The specific resistivity of the tunnel junction is lower 

than 1.2× 10−4Ω𝑐𝑚2. At a forward current density of 100A/cm2, the voltage drop across the 

p-n junction is 3.05V, and the voltage drop across the tunnel junction is 12mV. Then in 2014, 

Krishnamoorthy et al. reported the InGaN/GaN tunnel junction contacts grown using plasma 

assisted MBE on top of a 450 nm-InGaN/GaN blue LED. In this tunnel junction LED, a 

voltage drop of 5.3V at 100mA and forward resistance of 2× 10−2Ω𝑐𝑚2 were measured. 

Compared with the reference LEDs with semi-transparent p-contacts, the tunnel junction LED 

shows higher light output power.  

In 2016, Yong et al. in the UCSB demonstrated very low forward voltage semi-polar 

LEDs with highly doped GaN p–n tunnel junction contacts.[11] The n-GaN tunnel junction 

layer was grown by NH3 MBE on LED where the active region and the top p-GaN layers were 

grown by MOCVD. Although the growth of GaN by NH3 MBE which is a hydrogen-rich 

growth environment, the hydrogen levels are several orders of magnitude less than those 

existed during the growth process in MOVCD. The NH3 MBE growth can not only lead to 

high-quality, active p-GaN, but also result in a n-GaN layer with excellent transport properties 

and high Si doping level. In their work, for a (20-21) n-GaN layer, the carrier concentration 

was 1.1×1020/cm3 and the mobility was found to be 126 cm2V-1S-1 with a resistivity of 4.3 × 

10-4 Ωcm.  LEDs with tunnel junction were fabricated as compared to LEDs with common 

ITO contact. The tunnel junction LEDs show a lower forward voltage. The voltage of tunnel 

junction LEDs at 20mA was 5.2V, which was lower than the ITO LEDs (5.87V).  

In 2016, Yonkee et al. in the UCSB grew a GaN tunnel junction on standard industrial 

patterned sapphire substrate blue LED (455nm) epitaxial wafers by MBE regrowth 
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technique.[12] Several acid treatments before regrowth was tried and they show different 

effects. The forward voltage at 20A/cm2 on small area devices was reduced from 4.33 to 3.30V 

when the surface was treated with HCl. An aqua regia treatment gave a voltage of 3.1V, and 

a 49% HF treatment gave the best voltage of 3.08V. Furthermore, the flip chip LED shown a 

very high peak external quantum efficiency (EQE) of 78% at 5 A/cm2, and wall plug 

efficiency (WPE) of 73% at 1.5 A/cm2. This is one of the highest EQE reported among InGaN-

based LEDs. Because tunnel junction can increase light extraction by reducing optical loss 

from transparent conducting oxide (TCO) designs such as indium doped Tin oxide (ITO), 

tunnel junction shows huge potential in improving EQE of GaN-based LEDs. 

 

2.3.2 Development of Tunnel Junction grown by MOCVD 

The challenge of MOCVD grown tunnel junction is the activation of p-GaN. The Mg 

acceptors are passivated with hydrogen atoms in the ammonia ambient during the tunnel 

junction growth by MOCVD, resulting in Mg-H bond formation. Several groups have reported 

that hydrogen atoms exist in Mg-doped GaN, but not in undoped or Si-doped GaN even after 

thermal annealing with hydrogen ambient. It has been explained that hydrogen atoms can only 

migrate in p-type materials, but not in n-typed materials. Further elucidated, hydrogen atoms 

in the p-type layers could not pass through the n-typed layers. In 2013, Kuwano et al. from 

Meijo University demonstrated lateral Mg activation along p-GaN layers.[28] At first, a LED 

with epitaxy tunnel junction was grown by MOCVD. The thermal annealing was carried out 

after the etching of LED mesa. Therefore, a portion of the p-GaN layer as an etched sidewall 

was exposed and the hydrogen can diffuse through the sidewall. It was found that the emission 

at edge area is brighter than the center area, which is caused by nonuniformity of current 
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injections at the tunnel junctions. This can be explained by nonuniform p-GaN activation: Mg 

acceptors are activated first at the sidewalls of the LEDs where p-GaN layers are directly 

exposed and then extend from the edge to the center.  

MOCVD is the standard for the commercialization of GaN-based devices. But the 

tunnel junctions grown by MOCVD suffers the challenge of p-type GaN re-passivation as 

mentioned above. In 2018, Hwang et al. from UCSB reported micro-light-emitting diodes 

(μLEDs) with tunnel junction (TJ) contacts grown entirely by MOCVD. [29] It was found that 

the forward voltage reduces linearly with the size of the μLEDs, which proves that sidewalls 

are the only path for the out diffusion of hydrogen. The voltage penalty of the TJ for the 

smallest μLED at 20A/cm2 was 0.60 V compared to a standard LED with ITO contact. The 

peak EQE of the TJ LED was 34%. Overall, the forward voltage of the μLEDs with MOCVD-

grown tunnel junctions was higher than 4.0 V.  

 

 2.4 Tunnel junctions using selective area growth by metalorganic 

chemical vapor deposition   

We proposal selective area growth (SAG) for the TJs growth using MOCVD. Standard 

industry blue InGaN LEDs epitaxial wafers grown on patterned sapphire substrate (PSS) with 

an emission wavelength at ~440 nm were used for the TJs regrowth. The concept of GaN TJs 

LEDs grown using SAG is schematically illustrated in Fig. 4(a). Patterned n+GaN/n-GaN 

were grown on top of p-GaN to form TJs by SAG. In this design, hydrogen can be vertically 

out diffused from the holes on top of the p-GaN surface as well as the sidewall. 210 nm thick 

SiO2 pillars with a diameter of 1.5 µm and a space of 3.5 µm were formed on top of the p-

GaN as hard mask. 20 nm/400 nm thick n+GaN/n-GaN TJ layers with Si concentration of 
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1.5×1020 and 3×1018 cm-3 were grown on top of the p-GaN using SAG by MOCVD. In the 

reference TJ µLEDs, the n+GaN/n-GaN layers were grown directly on top of the standard 

LEDs without using SAG. µLEDs with squared sizes ranging from 10×10 to 100×100 µm2 

were fabricated. Silicon tetrachloride (SiCl4) was used to expose the n-GaN mesa in a reactive-

ion etching (RIE) chamber. The SiO2 pillars were removed by buffered hydrofluoric acid. The 

µLEDs were annealed at 700 °C for 30 minutes under N2 ambient in order to remove the 

hydrogen and activate the p-GaN. An omnidirectional reflector (ODR) consists of silicon 

dioxide and tantalum pentoxide was deposited by ion beam deposition. SiO2 was blanket 

deposited by atomic layer deposition (ALD) to passivate the mesa sidewall. [30, 31] Al/Ni/Au 

(600/100/600 nm) were deposited as metal contact and pads. The fabricated 80×80 µm2 TJ 

µLEDs with pinholes formed by SAG can be clearly observed from the microscope image in 

Fig. 4(b) and the scanning electron microscopy (SEM) image in Fig. 4(c). These small holes 

regularly distributed on top of the p-GaN surface, act as an additional diffusion path for 

hydrogen during p-GaN activation. Finally, the µLEDs were diced, mounted onto silver 

headers, encapsulated using silicone, and measured in a calibrated integrating sphere. 

 
 

Figs. 4(a) Schematic structure of GaN TJ µLEDs grown by SAG; (b) Microscope image and (c) 

SEM image of the fabricated 80×80 µm2 SAG TJ µLEDs. 

 



 

 24 

     Optical luminous images of the reference TJ µLEDs and the SAG TJ µLEDs under a 

forward current density of 1 A/cm2 by microscopy are presented in Figs. 5. The luminous 

images of the reference TJ µLEDs are nonuniform. The luminous intensity at the edge is 

brighter than the center area in the reference TJ µLEDs with sizes from 60×60 to 100×100 

µm2, likely caused by the nonuniformity of current injections at the TJ and the re-passivated 

p-GaN. [26] Therefore, the p-GaN was not fully activated by removing the hydrogen laterally 

through sidewall in the reference TJ µLEDs. By contrast, the luminous images of the SAG TJ 

µLEDs exhibit excellent uniformity for all sizes. In SAG TJ µLEDs, the hydrogen can be 

removed through the holes on top of the p-GaN surface in addition to the sidewall, resulting 

in a significant improvement of the p-GaN activation efficiency. 

 

Figs. 5. Luminous microscope images of (a) reference TJ µLEDs without SAG and (b) TJ 

µLEDs using SAG. The devices’ sizes were varied from 100×100 to 20×20 µm2. 

 

The current density-forward voltage (J-V) characteristics of the reference TJ µLEDs and 

the SAG TJ µLEDs with different sizes were plotted in Figs. 6(a) and 6(b), respectively. The 

reference TJ µLEDs show much higher forward voltage overall, and an increase in forward 

voltage with mesa size. [29] In our other samples of the reference TJ µLEDs, the forward 
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voltage is even much higher, which indicates that the uniformity and the repeatability of TJs 

directly grown by MOCVD was not good. It is worth noting that the TJ µLEDs with SAG 

show very similar J-V curves for the sizes from 100×100 µm2 down to 10×10 µm2 as shown 

in Fig. 6(b). The forward voltage is significantly reduced in the SAG TJ µLEDs due to an 

improvement of the p-GaN activation efficiency.  

 

Figs. 6. Current density-forward voltage curves of (a) reference TJ µLEDs and (b) TJ 

µLEDs using SAG with device sizes varied from 100 to 10000 µm2. 

 

Furthermore, the forward voltage (Vf) at 20 A/cm2 of the reference µLEDs and the SAG 

TJ µLEDs are plotted in Fig. 7. The Vf in the reference TJ µLEDs decreases linearly with the 

area. As the size reduces from 10000 to 100 µm2, the Vf at 20 A/cm2 decreases from 4.6 to 

3.7 V. In the reference TJ µLEDs, the hydrogen can only be laterally out diffused from the 

sidewall to active the p-GaN, leading to a decrease of the Vf with reducing size. [26, 29] It is 

obvious that the removal of hydrogen through sidewall is inefficient to fully activate the p-

GaN since the Vf is much higher than that of the common InGaN LEDs ITO contacts (~3.0 

V, not shown here and will present in our other submission). By contrast, the Vf at 20 A/cm2 

of TJ µLEDs with SAG is significantly reduced to 3.24 to 3.31 V, which is much lower than 

that in the reference TJ µLEDs. It is worth noting that the Vf in the TJ µLEDs with SAG is 
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independent on the sizes. In the SAG TJ µLEDs, the hydrogen can be vertically driven out 

through the holes on top of the p-GaN surface, which plays a dominant role over the lateral 

diffusion from the sidewall. Such size-independence Vf is caused by the hole created by the 

oxide pillars, since thermally activated hydrogen can diffuse a shorter distance to a hole as 

opposed to having to diffuse to a sidewall. For the smallest 10×10 and 20×20 µm2 µLEDs, 

the Vf at 20 A/cm2 of TJ µLEDs reduction is less pronounced. This agrees well with the 

reduction of the forward voltage in reference TJ µLEDs with small sizes caused by the lateral 

out diffusion of hydrogen. It is worth to point out that the Vf in our SAG TJ LEDs is only 0.2 

to 0.3 V higher than the LEDs with ITO contact. To the best of our knowledge, these forward 

voltages are the lowest for the GaN LEDs with TJs grown by MOCVD, [26, 29] and 

comparable to the lowest for GaN LEDs with TJs grown by MBE. [32, 2] These results clearly 

suggest that the hydrogen can be effectively removed through the holes on top of the p-GaN 

surface, leading to a successful realization of GaN-based LEDs with epitaxial TJs grown by 

MOCVD.  

 

FIG. 7. Forward voltage at 20 A/cm2 versus µLEDs area for the reference TJ µLEDs and 

GaN TJ µLEDs with SAG. 
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Finally, the output power measured at 20 mA for the SAG TJ µLEDs and the conventional 

µLEDs with ITO contact from the same epitaxy wafer are shown in Fig. 8(a). For the different 

mesa sizes, the output power in the SAG TJ µLEDs is obviously higher than the common ITO 

µLEDs at a same current density. The average increase of the output power was measured to 

be around 10% for all the sizes. Fig. 8(b) shows the external quantum efficiency (EQE) versus 

current for the packaged conventional ITO µLEDs and the SAG TJ µLEDs with a same size 

of 40×40 µm2. The EQE was increased from 35% of the ITO µLEDs to 40% of the SAG TJ 

µLEDs at 100 A/cm2. Such enhanced efficiency is attributed to the improvement of the light 

extraction efficient due to the small holes on top of the p-GaN. The improved current 

spreading and reduced light absorption of the TJs could be other factors for the efficiency 

enhancement. 

 

FIG. 8. (a) Output power at 20 mA versus various sizes in the TJ µLEDs with SAG and 

the common ITO µLEDs; (b) EQE versus current density in TJ µLEDs with SAG and 

common ITO µLEDs with a size of 40×40 µm2. 
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2.5 MOCVD grown n+GaN/n-InGaN/p+GaN tunnel junctions 

In the following chapters, we will go through polarization engineering TJs by inserting n-

InGaN before n-GaN to increase the tunneling probability. In order to obtain a high p-GaN 

activation efficiency, we utilize selective area growth (SAG) to regrow the InGaN TJs. [33, 

34] Finally, we demonstrate MOCVD grown InGaN TJs µLEDs exhibiting lowest forward 

voltage among TJ LEDs. Details of the materials growth, devices fabrication and devices 

performance are discussed.  

The TJs were epitaxially grown by MOCVD on commercial 440 nm blue LEDs on 

patterned sapphire substrate (PSS). Three sets of samples were grown in our experiments. 

Surface treatment by solvent clean and aqua regia was carried out before the regrowth of 

TJs.[2] In the reference TJ µLEDs, conventional n+-GaN/n-GaN (20 nm/350 nm) TJs were 

grown directly on top of blue LEDs with a Si doping concentration of 1.7×1020 and 3×1018 

cm-3, respectively. A 15 nm n-GaN cap layer with a Si doping concentration of 2×1019 cm-3 

were grown on top for a good ohmic contact. For the second set of TJ µLEDs, a 3 nm n-

In0.15Ga0.85N with a Si doping concentration of 1.5×1020 cm-3 was grown before n+-GaN, 

which is referred as InGaN TJ µLEDs. For the last set of samples, the InGaN/GaN TJs were 

grown utilizing SAG, which is referred as SAG InGaN TJ µLEDs. Details of the TJs grown 

by SAG can be found in our other report.[33] The schematic structure of the InGaN TJ µLEDs 

is shown in Figure 9, with squared sizes ranging from 10×10 to 100×100 µm2 were fabricated. 

To re-activate the p-GaN, the devices were annealed at 700 °C for 30 minutes using rapid 

thermal annealing (RTA). For the SAG InGaN TJ µLEDs, the SiO2 pillars as hard mask were 

removed by buffered hydrofluoric acid before annealing. Silicon tetrachloride (SiCl4) was 

used to expose the n-GaN mesa in RIE chamber. An omnidirectional reflector (ODR) 
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consisted of silicon dioxide and tantalum pentoxide was deposited by ion beam deposition. 25 

nm SiO2 was deposited as sidewall passivation layer by ALD. [31] Al/Ni/Au (600/100/600 

nm) were deposited on the opening window for ohmic contact and contact pads. Finally, the 

µLEDs were diced, mounted on silver headers, encapsulated with silicone, and measured in a 

calibrated integrating sphere. 

 

Fig. 9. Schematic structure of the InGaN TJ µLEDs. 

Figures 10(a) and 10(b) are the scanning electron microscopy (SEM) images of the 

fabricated 60×60 µm2 InGaN TJ µLED and SAG InGaN TJ µLED. The TJs layer can be 

clearly observed with a same contrast as the etched n-GaN. In Figure 10(b), small 1.5 µm 

diameter apertures with 3.5 µm spacing were regularly distributed on the top of p-GaN surface 

after removing the SiO2 pillars.[33] These apertures provide a pathway, that circumvents the 

pn junction (and natural internal barrier for H+ diffusion) to remove hydrogen from the sample 

and thus realize a high activation efficiency.  
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Figs. 10. SEM images of the fabricated 60×60 µm2 size of (b) InGaN TJ µLEDs and (c) 

SAG InGaN TJ µLEDs. 

Figure 11 show the optical luminous images of the InGaN TJ µLEDs and the SAG InGaN 

TJ µLEDs with various sizes under a current density of 1 A/cm2. Both InGaN TJ µLEDs and 

SAG InGaN TJ µLEDs with different sizes show very uniform luminous intensity for the size 

varied from 20×20 µm2 to 100×100 µm2. We notice that the luminous images of the reference 

TJ µLEDs were not uniform with a brighter electrical luminous (EL) intensity at the edge and 

a darker EL intensity at the center area, which is shown in Ref. 33. Those uniform luminous 

images in the InGaN TJ µLEDs are ascribed to the improvement of the current injection 

efficiency due to a higher tunneling probability at the InGaN TJs.  

 

Figs. 11. Luminous microscope images of (a) InGaN TJ µLEDs and (b) SAG InGaN TJ 

µLEDs with size varied from 100×100 to 20×20 µm2. 
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The current density-forward voltage (J-V) characteristics of the three sets of TJ µLEDs 

with different sizes are shown in Figure 12(a) to 12(c). The reference TJ µLEDs show much 

higher forward voltage from Figure 12(a), which decreases with the reduction of size. By 

contrast, the forward voltage is significantly reduced in the InGaN TJ µLEDs as shown Figure 

12(b). It is clear to see that the voltage is still dependent on the size, which decreases as the 

size reduces. It is worth noting that the SAG InGaN TJ µLEDs exhibit very uniform and 

similar J-V curves from Figure 12(c). More specifically, the Vf at 20 A/cm2 of these three sets 

of TJ µLEDs are plotted in Figure 12(d). The Vf in the reference TJ µLEDs remain high and 

decreases linearly from 4.6 to 3.7 V with reducing sizes from 100×100 to 10×10 µm2. This 

can be explained by laterally out diffused of hydrogen through the sidewall, which is the only 

path to remove the hydrogen in order to re-active the p-GaN. In the InGaN TJ µLEDs, the Vf 

is significantly reduced by ~0.6 V for all sizes compared to the reference TJ µLEDs, which is 

caused by the enhanced tunneling probability as shown from the energy band diagram above. 

As the devices size decreases from 100×100 to 10×10 µm2, the Vf reduces from 3.86 to 3.16 

V, which is caused by the same reason in the reference TJ µLEDs. For the very small size 

InGaN TJ µLEDs from 10×10 to 40×40 µm2, the Vf is varied from 3.15 to 3.19 V, which are 

very low as compared to the values reported of the TJ LEDs from other groups. [1, 2, 29,35-

36] For the 60×60 µm2 µLEDs, the Vf increases to 3.39 V and then dramatically raises to 3.86 

V for the 100×100 µm2 size. Therefore, very low forward voltage can only be achieved in 

small size µLEDs using InGaN TJs as the removal of hydrogen through sidewall is insufficient 

for larger LEDs. It is worth noting that the SAG InGaN TJ µLEDs show very uniform and 

low Vf of 3.08 to 3.25 V for the sizes varied from 10×10 to 100×100 µm2. For the 20×20 µm2 
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and 40×40 µm2 size devices, the InGaN TJ µLEDs and SAG InGaN TJ µLEDs show the same 

low Vf. The lowest Vf of 3.08 V is obtained in the smallest 10×10 µm2 SAG InGaN TJ µLEDs. 

The apertures on the p-GaN surface by SAG create additional vertical out diffusion paths for 

the hydrogen with a much shorter diffused distance than that to sidewall. Such design 

overcomes the size limitation in the InGaN TJs µLEDs with low voltage, which is very 

important for the large size µLEDs even the regular size LEDs. It is well known that 

decomposing the Mg-H complex in the p-GaN by thermal annealing and removing hydrogen 

atoms are the key points to active the p-GaN. SAG is a promising technology to remove the 

hydrogen atoms from the apertures on top surface to fully re-active the p-GaN without 

bringing any damage to the materials crystal quality or devices performance. We note that the 

Vf of the µLEDs with ITO contact from the same epitaxy wafer is varied from 2.93 to 2.97 V 

and independent on the sizes. In general, the Vf of the SAG InGaN TJ µLEDs are only 0.1 to 

0.2 V higher than the ITO µLEDs, which are the lowest forward voltages reported among the 

GaN-based LEDs with TJs contact grown by MOCVD [28, 33~36] and comparable to that 

grown by MBE. [1, 2]  
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Figs. 12. (a) to (c) Current density-forward voltage curves of the three sets of µLEDs 

with sizes ranging from 10×10 to 100×100 µm2; (d) Plot of Vf at 20 A/cm2 of the three sets 

of µLEDs as a function of size. 

 

The external quantum efficiency (EQE) of the packaged µLEDs with size of 40×40 µm2 

and 100×100 µm2 at various current densities was presented in Figure 13. For a fair 

comparison, µLEDs with ITO contact were fabricated on the same epitaxy wafer. For the 

100×100 µm2 µLEDs, the EQE at 20 A/cm2 was increased by 6% from 48% of the ITO µLEDs 

to 54% of the InGaN TJ µLEDs with SAG. For the InGaN TJ µLEDs, the EQE shows a slight 

increase by ~2%, which is limited to the insufficient p-GaN activation by the lateral out 

diffusion of hydrogen through sidewall. In the small 40×40 µm2 µLEDs, the InGaN TJ µLEDs 
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and the SAG InGaN TJ µLEDs show a similar EQE, which is also 6% higher than the ITO 

µLEDs. The same EQE of the InGaN TJ µLEDs with and SAG InGaN TJ µLEDs indicates 

that the small apertures on top of the p-GaN surface can’t further increase the light extraction 

efficiency (LEE) for the LEDs grown on PSS. Therefore, the improvement of the EQE is most 

likely resulted from the TJs with a higher transparency and a better current spreading. [1, 2]   

 

Figs. 13. EQE versus current density of the three sets of the packaged µLEDs with a size 

of (a) 40×40 µm2 and (b) 100×100 µm2. 

 

In conclusion, we achieved highest performance of MOCVD grown TJ µLEDs with very 

low forward voltages utilizing n-InGaN/n+GaN structure and SAG technology. For µLEDs 

with a size smaller less than 40×40 µm2, low forward voltage can be obtained by directly 

growing InGaN TJs by MOCVD without additional SAG process, which will expedite the 

development of future optoelectronic III-nitride devices with TJs such as cascaded LEDs with 

multiple color emissions and TJs LDs and vertical cavity surface emitting laser (VCSEL).  
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2.6 MOCVD grown n+GaN/n-InGaN/p+GaN tunnel junctions 

combined SAG technology. 

In the following chapters ， we demonstrate the comprehensive study about the 

optimization of efficient MOCVD-grown TJs by selective area growth (SAG), which is a 

promising technology to active p-GaN for the MOCVD-grown TJs, through exposing small 

apertures on top of the p-type GaN that allow for hydrogen escape during the activation 

anneal.37~38. The effect of the Si-doped level in the n+GaN TJs, SAG aperture spacing and 

insertion of n-type/p-type InGaN layer on the forward voltage of the TJs LEDs and µLEDs 

were investigated. Simulations of light extraction efficiency (LEE) and far-field radiation 

through light-tools and finite-difference time-domain (FDTD) on these novel structures were 

carried out. Finally, we demonstrate efficient MOCVD-grown TJs LEDs with a low Vf.  

The TJs were epitaxially grown on commercial MOCVD-grown blue LEDs on PSS. In 

order to reduce the oxygen concentration at the interface, the samples were dipped into aqua 

regia for 5 minutes before the overgrowth of n+GaN/n-GaN TJs, which has also been shown 

to reduce the incorporation of Mg atoms in the n+GaN layer due to the residual Mg atoms as 

compared to one step direct growth.36, 27, 38 As shown in Figure 14(a), TJs consisted of 

n+GaN/n-GaN (20 nm/400 nm) were grown at 1100 °C utilizing SAG, which is referred as 

SAG TJs. A detailed description of the growth process of the SAG TJs LEDs can be found in 

our recent report.33 The n+GaN TJ was doped with a Si concentration of 1.2×1020 and 1.7×1020 

cm-3, while the Si-doped concentration in the n-GaN layer was fixed at 3×1018 cm-3. The 

diameter of SAG aperture (circus shape) was fixed at 2 µm, and the space was varied from 3 

and 8 µm. TJs with InGaN insertion layer were grown as well, as shown in Figure 14(b). A 3 

nm Si-doped n-InGaN and a 3 nm Mg-doped p-InGaN with the same indium composition of 
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15% were grown before the n+GaN layer, referred to InGaN SAG TJs.25, 39 The samples were 

annealed at 700 °C for 30 minutes after removing SiO2 hard mask and etching mesa. Regular 

0.1 mm2 size LEDs and micro-size LEDs (µLEDs) ranged from 20×20 to 100×100 µm2 were 

fabricated. The fabrication process was given in our previous reports.31, 37 LEDs with indium 

tin oxide (ITO) contact were fabricated as a reference. Finally, the LEDs were diced, mounted 

on silver headers, encapsulated with silicone, and measured in a calibrated integrating sphere. 

 

Figures 14 Schematic structure of (a) SAG TJ LEDs and (b) SAG TJ LEDs with n-InGaN or p-

InGaN insertion layer. 

 

Raytracing simulation by LightTools was carried out to simulate the LEE for the reference 

ITO LEDs and SAG TJ LEDs.40 The SAG aperture space is 3 µm and the diameter is 2 µm. 

The LEE simulation results for the two LEDs are shown in Figures 15(a) and 15(b), 

respectively. Simulation results show a slight increase of the LEE by 3% in the SAG TJ LEDs 

(85%) compared to ITO LEDs (82%). The high LEE in the ITO LEDs is attributed to the 

scattering effect by the PSS (2.7-µm width, 0.3-µm space, and 1.7-µm height) and we believe 

that the SAG apertures could lead to a more significant improvement of LEE for the LEDs 

grown on a planar substrate. Moreover, FDTD by Lumerical software was also used to 
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simulate the far-field emission of SAG TJs LEDs and ITO LEDs.41 For this simulation, we 

assume that the blue light was emitted from dipoles inside the QWs region. The excited 

dipoles have polarizations along the x, y, and z directions to represent the arbitrary directions 

of the dipole. By combining the Near-to-Far-Field transformation method with the LEE and 

the far-field pattern of LEDs in air can be obtained. Following the FDTD simulation, the far-

field radiation pattern in air can be processed by Fourier transform and simulated through 

Fraunhofer diffraction relations. Lastly, far-field radiation patterns of the reference ITO LEDs 

and the SAG TJ LEDs are shown in Figures 15(c) and 15(d), respectively. Moreover, angular 

dependent of far-field intensities of ITO and SAG TJ LEDs are shown in Figures 15(e) and 

15(f), respectively. There are ripples in ITO LEDs grown on PSS caused by Fabry-Pérot (F-

P) interference.42, 43 Based on this analysis, the SAG patterned surface leads to a significant 

increase of the output power in the normal direction, which agrees well with the LEE from 

the raytracing simulation. The more concentrated far-field patterned in the SAG TJ LEDs 

indicates a highly directional emission pattern, which could be related to the weak coupling 

modes and the light scatting effect caused by the SAG apertures. Similar phenomenon of more 

directional light pattern was reported in the nanocavity or photonic crystal InGaN LEDs, 

would be beneficial for the display application.42, 43 
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Figures 15 Emitted light distribution simulated by raytracing for (a) ITO LEDs and (b) SAG TJ 

LEDs; Far-field radiation patterns of (c) ITO LEDs and (d) SAG TJ LEDs; Polar plot of far-field 

intensities of (e) ITO LEDs and (f) SAG TJ LEDs. 

 

Figure 16(a) shows the energy band diagram of TJs with n-InGaN insertion layer at zero 

bias. A polarization induced band bending at the InGaN/GaN interface is observed.26 Band 

bending occurs at the InGaN/GaN heterointerfaces by those polarization charges and electric 

fields, resulting in a shorter tunneling distance and a higher tunneling probability.44 
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Meanwhile, the low bandgap of the InGaN layer increases the tunneling probability. 

Therefore, an enhanced tunneling probability is expected in the polarization enhanced InGaN 

TJs. The grown n-InGaN/n-GaN TJs structure is evidenced by secondary ion mass 

spectrometry (SIMS) as shown in Figure 16(b). It is worth noting that Si modulation doping 

was employed in our experiment to obtain a very high Si doping level of 1.7×1020 cm-3, which 

is comparable to the highly Ge-doped GaN with a concentration of ~2×1020 cm-3.45 A heavily 

Si-doped GaN was grown for 90 s and then an undoped-GaN layer was grown for 30 s, which 

is repeated by 7 times for the 20 nm thick n+GaN. This approach enables a high Si doping 

concentration with a good surface morphology.  

 

Figures 16(a) Energy band diagram of n-InGaN TJ at zero bias, and (b) SIMS of the TJ. 

Figure 17(a) shows the scanning electron microscopy (SEM) image of the as-grown SAG 

TJ LEDs, showing clear SAG apertures. Wavy surface can be observed, indicating a good 

morphology. Figure 17(b) is the enlarged SEM image of the SAG apertures. Very smooth TJ 

surface can be seen. The diameter of the SAG aperture was measured to be ~2 µm. Figure 

17(c) exhibits the fabricated SAG TJ LEDs and Figure 16(d) presents the enlarged SAG 
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apertures in the area labeled in Figure 17(c). Very uniform apertures were formed on the top 

of p-GaN surface after removing SiO2.  

 

Figures 17 SEM images of (a) as-overgrown SAG TJ LEDs; (b) Enlarged aperture of the as-

overgrown SAG TJ LEDs; (c) Fabricated 0.1 mm2 SAG TJ LEDs; (d) Enlarged SAG apertures of the 

TJ LEDs after removing SiO2. 

 

Figures 18(a) and 18(b) show the EL images of the reference TJ LEDs and SAG TJs LEDs 

with a size of 0.1 mm2 at 1 mA under microscope, respectively. In the reference TJ LEDs, the 

EL intensity at the center area is much darker than the edge area, which is usually observed in 

the MOCVD-grown TJs LEDs caused by a nonuniform p-GaN activation. Such phenomenon 

can be well explained by the insufficient hydrogen removal through lateral out diffusion 

through sidewalls while the top n-type layer prevent the natural vertical out diffusion of 
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hydrogen.26, 27 The SAG TJ LEDs in contrast show a uniform EL intensity at the both center 

and edge areas, indicating a uniform p-GaN activation anneal. This is because that the SAG 

apertures on the top p-GaN surface shown in Figure 17(d) create shorter paths for the hydrogen 

thermal out diffusion through the p-GaN surface during the post activation anneal.33, 37  

 

Figures 18 EL images of (a) reference TJ LEDs (0.1 mm2) and (b) SAG TJ LEDs under 

microscope. 

 

Figure 19(a) shows the current density-forward voltage (J-V) curves of the 0.1 mm2 SAG 

TJ LEDs with different aperture spacing and Si-doped concentrations. The J-V curve of the 

reference TJ LEDs without SAG is shown for a comparison. For the samples with a Si-doped 

concentration of 1.2×1020 cm-3 in n+GaN, the Vf at 20 A/cm2, was decreased from 4.8 V in 

reference TJ LEDs to 3.7 V and 4.0 V in the SAG TJ LEDs with apertures spacing of 3 and 8 

µm, respectively. As the Si-doped concentration increases to 1.7×1020 cm-3, the Vf is 

significantly reduced to 3.45 V for both SAG TJ LEDs with the apertures space of 3 and 8 

µm. The highly Si-doped SAG TJ LEDs with different apertures spaces of 3 and 8 µm show 
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a same J-V curve, indicating a SAG aperture space-independent voltage. As hydrogen can 

diffuse from the SAG apertures on top of p-GaN surface, the p-GaN activation efficiency is 

significantly improved. The narrow aperture space is beneficial for direct escape of hydrogen. 

The same J-V curves in the SAG TJ LEDs with different aperture spaces indicate that the re-

activation efficiency of the p-GaN is high enough by increasing the Si-doped concentration of 

n+GaN. The Vf at a current density of 20 A/cm2 of the different Si doped SAG µLEDs TJs 

with area varied from 10×10 to 100×100 µm2 is plotted in Figure 19(b).  For SAG TJ µLEDs  

 

Figures 19(a) J-V curves of SAG TJ regular LEDs with different n+GaN Si doping concentration 

and aperture space; (b) Vf at 20 A/cm2 versus SAG µLEDs area varied from 10×10 to 100×100 µm2. 

 

with a n+GaN Si doping concentration of 1×1020 cm-3, the Vf is reduced from 3.86 V to 3.51 

V with decreasing devices area from 100×100 to 10×10 µm2, indicating that the tunneling 

probability remains insufficient. It is worth noting that the Vf is independent on the devices 

area by increasing the Si-doped concentration in the n+GaN to 1.7×1020 cm-3, which is slightly 

reduced to 3.4 V. Consequently, these results clearly point out that the Si doping concentration 

of n+GaN is an important parameter for the efficient TJs, which can be understood by the 

reduction of depletion width and the increase of tunneling probability from Eq. (2). 
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Figure 20(a) plots the J-V curves of the SAG TJs LEDs with n-InGaN or p-InGaN 

insertion layers and ITO regular size LEDs. The SAG n-InGaN TJ LEDs show very similar 

J-V curves as compared to the SAG TJ LEDs, with a very small Vf difference of 0.02 V. A 

significant reduction of forward voltage was not observed for the SAG n-InGaN TJ LEDs in 

this study since the Si doping concentration in the n+GaN has been optimized and the TJs were 

grown utilizing SAG. On other hand, the SAG TJ p-InGaN LEDs exhibit a voltage of 0.25 V 

higher than the SAG TJ LEDs, which is possibly related to the incorporation of residual Mg 

atoms in the n+GaN TJs after the growth of p-InGaN. It is worth to point out that the Vf at 20 

A/cm2 in SAG TJ LEDs or SAG n-InGaN TJ LEDs is 3.45 V, which is only ~0.2 V higher 

than the ITO LEDs of 3.26 V. On other hand, the effect of the n-InGaN or p-InGaN SAG TJs 

on the J-V curve of the 20 µm ×20 µm µLEDs was shown in Figure 20(b). The p-InGaN SAG 

TJ LEDs show a similar forward voltage.  In the n-InGaN SAG TJ µLEDs, the Vf was reduced 

to 3.17 V from 3.42 V of SAG TJ µLEDs.  

 

Figures 20(a) J-V curves of SAG TJ LEDs with n-InGaN and p-InGaN insertion layer. ITO 

LEDs and reference TJ LEDs were plotted for comparison; (b) J-V curves of SAG TJ µLEDs (20×20 

µm2) with n-InGaN and p-InGaN insertion layer. 
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Differential resistance can be obtained by ΔV/ΔJ from the J-V curves. Figure 21(a) shows 

the comparison of the differential resistance as a function of current density for the ITO LEDs 

and SAG TJ LEDs with regular size. The differential resistance reduces with the injection 

current for both samples. At 20 A/cm2, the differential resistance was 2.1×10-2 and 3.3×10-2 

Ω cm2 for the ITO LEDs and SAG TJ LEDs, respectively. The SAG TJ LEDs show a 

differential resistance smaller than that of the ITO LEDs when the current is larger than 80 

A/cm2. It is worth noting that the differential resistance at 100 A/cm2 in SAG TJ LEDs was 

1.0×10-2 Ω cm2, which is slightly lower than the ITO LEDs (1.1×10-2 Ω cm2). According to 

Eq. (1), the depletion width reduces with increasing voltage. Therefore, the higher turn on 

voltage in the TJ LEDs can be understood in this way: the voltage drop at the TJs reduces the 

depletion width of the TJs to allow for tunneling. Further optimization of the depletion width 

of the TJs would be a good remedy to reduce the voltage penalty. The output power and the 

external quantum efficiency (EQE) as a function of the current density of the packaged SAG 

TJ LEDs and ITO LEDs measured in the integrating sphere are shown in Figure 21(b). At 20 

A/cm2, the output power is improved by 14% from 27 mW of the ITO LEDs to 31 mW of the 

SAG TJ LEDs. Moreover, the EQE at 20 A/cm2 is enhanced by 8% from 46% of the ITO 

LEDs to 54% of the SAG TJ LEDs. Two factors result in the enhanced light output. First, a 

higher transparency and a lower optical loss is expected in the TJs compared to the ITO 

contacts. Second, the SAG apertures result in an improvement of LEE, as shown from the 

simulation results.  
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Figures 21 (a) Differential resistance versus current density of ITO LEDs and SAG TJ LEDs; (b) 

Comparison of EQE and outpour power of ITO LEDs and SAG TJ LEDs. 

 

In summary, we demonstrate the key steps to realize efficient MOCVD-grown TJs. The 

optimized TJ LEDs and µLEDs show an improved EQE and similar differential resistance 

compared to the ITO LEDs, followed by a low voltage penalty of around 0.2~0.3 V. 

Moreover, the TJ LEDs with SAG apertures show a more directional far-field emission 

accompanied by a slight enhancement of LEE. This work paves the way for the further 

development of MOCVD-grown TJs and their application such as multiple emission 

wavelength cascaded µLEDs, AlGaN DUV LEDs, and laser diodes such as TJs buried vertical 

cavity surface emitting laser. 
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3. Cascaded Blue LED and Green LEDs  

3.1.  Challenges of Cascaded LEDs 

Recently, the emerging micro-light-emitting diodes (µLEDs) with an area less than 

100×100 µm2 have been causing huge attentions for the next-generation display technology, 

which can be largely applicated in augmented reality, virtual reality, and large-area display.1~9 

Compared to the common liquid crystal displays and organic LEDs, µLEDs show advantages 

such as low power consumption, ultra-high resolution, and high thermal stability.1~4 

Moreover, a fast modulation speed over 1 GHz for GaN-based µLEDs was demonstrated in 

visible light communications system.5~7 Although high brightness and efficiency blue and 

green InGaN LEDs have be achieved, GaN-based µLEDs are facing several challenges. First, 

the efficiency of µLEDs reduces as the area of µLEDs decreases due to nonradiative surface 

recombination losses and sidewalls damage.3, 8, 9 Particularly, µLEDs with a size less than 

10×10 µm2 show a very low external quantum efficiency (EQE).10 Second, the EQE of red 

µLEDs (~620 nm) remains very poor. The conventional AlGaInP-based red LEDs show a 

high EQE with a regular size but as the size shrinks to µLEDs scale, the EQE decreases 

dramatically due to a much higher surface recombination velocity.11 Meanwhile, the EQE in 

InGaN red µLEDs remains low, which is caused by quantum-confinement Stark effect 

(QCSE) and a high defect density in the InGaN quantum wells (QWs) with a high indium 

composition over 30%.12 Moreover, it is very challenging to transfer and assemble millions 

of RGB µLEDs for full colors display application.13  

Epitaxial tunnel junctions (TJs) have been attractive for GaN-based µLEDs due to a simple 

fabrication process and the improved performance such as a higher efficiency and a better 
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current spreading.14~16 Molecular beam epitaxy (MBE) is the common approach for the 

overgrowth of TJs, but its scalability is limited for mass production.14~16  For metalorganic 

chemical vapor deposition (MOCVD)-grown TJs, the p-type GaN layer would be re-

passivated of hydrogen during the overgrowth of n+GaN TJ layer.17~20 GaN-based cascaded 

LEDs with two or three junctions have been reported, which show promising results to 

circumvent efficiency droop.21, 22 Nevertheless, the TJs in the cascaded LEDs were grown by 

MBE and the output power of the cascaded LEDs remains low.  

3.2 Cascaded blue and green micro-LEDs with independent junction 

control 

In the following chapters, we demonstrate highly efficient fully MOCVD-grown 

monolithic cascaded blue/green µLEDs with independent junction control, which could be a 

promising solution for full color µLEDs display. The blue µLEDs, green µLEDs, and 

blue/green µLEDs exhibit excellent electrical luminous performance. Details of the growth 

process, device fabrication, and the optical and electrical properties of the monolithic cascaded 

blue and green µLEDs were discussed. 

Initially, we conducted band diagram simulations using the 1D drift-diffusion formalism, 

as plotted on Figure 1. As the structure is forward-biased, the tunnel junction between the 

LEDs becomes reverse-biased. Due to the high level of doping in the junction, reverse-biasing 

the junction raises the valence band maximum above the conduction band minimum. This 

means electrons can tunnel from valence band of the p- GaN layer into the conduction band 

of n- GaN layer, which causes a hole to form in the p-GaN layer. The holes generated from 

this process are injected into the blue quantum well region whereas electrons generated goes 
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into the green quantum well region, allowing for radiative recombination to occur in both 

regions. 

 

Figs. 1. (a) Band diagram at zero bias, (b) Schematic for the structure, (c) Band diagram at 

forward bias. The diagram shows the flow of electrons and holes within the structure. 

 

The schematic structure of the cascaded blue/green µLEDs with triple contact pads was 

shown in Figure 2(a), which were consisted of blue LEDs, TJs and green LEDs. Firstly, n-

GaN/n+GaN/n-InGaN (400 nm/10 nm/2 nm) TJs were grown by MOCVD on standard blue 

LEDs after a chemical treatment by aqua regia for 5 minutes. Details of the MOCVD-grown 

TJs conditions can be found in our other reports.19, 20, 23 Green LEDs were grown on top of the 

TJs, which were consisted of 1 µm n-GaN, 20 pairs low indium composition InGaN/GaN (2 

nm/2 nm) superlattice (SLs), 5 pairs of InGaN/GaN (3 nm/ 9 nm) multiple quantum wells 
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(MQWs), 20 nm AlGaN electron blocking layer, 120 nm p-GaN and 20 nm p+GaN.24 The n-

GaN mesa of the green and blue µLEDs were exposed by reactive-ion etching (RIE). The p-

GaN of blue/green µLEDs were activated by rapid thermal annealing (RTA) at 700 ºC for 30 

minutes.19, 20 A 120 nm thick highly transparent indium-tin-oxide (ITO) was deposited by 

electron beam for ohmic contact. An omnidirectional reflector (ODR) consisted of silicon 

dioxide/tantalum pentoxide stacks was deposited by ion beam deposition (IBD). A 25-nm 

SiO2 was deposited as sidewall passivation layer by atomic layer deposition (ALD). 4, 8, 19, 20 

Al/Ni/Au (500/100/500 nm) were deposited for ohmic contact to n-GaN and contact pads. 

Figure 2(b) shows the scanning electron microscope (SEM) of the cascaded blue/green 

µLEDs. The size for the blue µLEDs and green µLEDs is 60×60 µm2 and 40×40 µm2, 

respectively. From Figure 2(b), the blue µLEDs and green µLEDs can be controlled by the 

top and right pads, and the bottom and right pads, respectively, while blue/green µLEDs can 

be operated simultaneously through injecting current from bottom and top pads.   

 

Figs. 2. (a) Schematic structure of the cascaded blue and green µLEDs and (b) SEM image of the 

cascaded blue and green µLEDs. 
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Figures 3(a) to 3(c) are the optical luminous images by microscope for the blue µLEDs, 

green µLEDs and blue/green µLEDs at 3 A/cm2, which show very uniform blue, green and 

blue/green emission. The uniform luminous images in the TJ blue µLEDs are ascribed to the 

improvement of tunneling probability with InGaN insertion layer, as presented in our previous 

report.20, 23 The emission spectra were plotted in Figures 3(d) to 3(f), respectively. The 

emission peaks for the blue µLEDs and green µLEDs are 451 nm and 518 nm, respectively, 

followed by a full width half maximum (FWHM) of 19 nm and 29 nm. For the operation of 

cascaded blue/green µLEDs, the emission shows clear two peaks located at the blue and green 

regions. Therefore, the design enables the realization of cascaded blue/green µLEDs in one 

device with independent junction control, that is, we can control the blue µLEDs, green 

µLEDs and blue/green µLEDs independently on the same device by injecting current through 

different pads.  

 

Figs. 3. Electrical luminous microscope images of (a) blue µLEDs, (b) green µLEDs and (c) 

blue/green µLEDs; Electrical luminous spectra of (d) blue µLEDs, (e) green µLEDs and (f) 

blue/green µLEDs at 3 A/cm2. 
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The current-forward voltage (I-V) characteristics of the blue µLEDs, green µLEDs, and 

blue/green µLEDs are shown in Figure 4(a). At 20 A/cm2, the forward voltage (Vf) in TJ blue 

µLEDs (0.7 mA) and green µLEDs (0.2 mA) is 4.1 V and 3.1 V, respectively. At 0.7 mA, the 

cascaded blue/green µLEDs is 7.4 V, which equals to the total voltage in TJ blue µLEDs (4.1 

V) and green µLEDs (3.3 V). Therefore, both blue and green µLEDs successfully work at the 

same time. The differential resistance can be obtained by the slope of ΔV/ΔJ. Figure 4(b) 

shows the differential resistance versus current density for the blue µLEDs, and green µLEDs. 

At a low current density, the TJ blue µLEDs and green µLEDs show a comparable differential 

resistance. At a high current density, the differential resistance in green µLEDs is smaller than 

that in the TJ blue µLEDs. At 100 A/cm2, the TJ blue µLEDs exhibit a differential resistance 

of 7×10-3 Ω cm2, which is higher than 4×10-3 Ω cm2 in green µLEDs with ITO contact.23 This 

would be caused by the design of metal contact pads.19, 20 Further optimizations of the contact 

pads could reduce the differential resistance in the TJ blue µLEDs.    

 

Figs. 4. (a) Current forward voltage (I-V) characteristics of the blue µLEDs, green µLEDs, and 

blue/green µLEDs; (b) Differential resistance versus current density for blue µLEDs and green 

µLEDs. 
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The output power and external quantum efficiency (EQE) versus current densities for the 

blue µLEDs and green µLEDs were presented in Figure 5(a) and 5(b), respectively. The blue 

µLEDs and green µLEDs show a peak EQE of 42% and 14%, respectively. The output power 

increases linearly with the injection current density for both TJ blue µLEDs and green µLEDs. 

At 200 A/cm2, the output power for the blue µLEDs and green µLEDs is 2.5 mW and 1.9 

mW, respectively. These results clearly point out that the cascaded blue and green µLEDs 

with independent junction control show excellent optical and electrical properties.  

 

Figs. 5. Output power and EQE versus current density for (a) blue µLEDs and (b) green µLEDs. 

In conclusion, we present high performance cascaded blue/green µLEDs with independent 

junction control utilizing TJ technology. This demonstration provides a promising technology 

for the realization of single-chip full colors µLEDs with arbitrarily colors mixing by 

controlling the independent junctions.  

 

3.3 Fully transparent cascaded blue and green micro-light-emitting 

diodes 

We also present fully transparent metal organic chemical vapor deposition (MOCVD)-

grown InGaN cascaded micro-light-emitting diodes (µLEDs) with independent junction 
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control. Cascaded µLEDs consisted by blue µLEDs, tunnel junction (TJ), green µLEDs, and 

TJ, without using any conductive oxide layer such as indium tin oxide (ITO) or ZnO.25 We 

can manipulate the injection of carriers into blue, green, and blue/green junctions in the same 

device manipulate independently, which show high optical and electrical performance. These 

results prove the efficient TJs and fully re-activated p-type GaN in the cascaded µLEDs. Such 

demonstration shows the important application of TJs for the integration of µLEDs with 

multiple color emissions. 

Firstly, band diagram of the fully cascaded TJs InGaN LEDs was investigated. Figures 6 

show the simulated band diagram of the cascaded InGaN LEDs consisted by blue LEDs, TJ, 

green LEDs, and TJ under zero bias and forward bias conditions using the 1D drift-diffusion 

formalism. Under a forward bias, the two TJs between blue and green LED and between green 

LED and top contact will be reversed-biased. Since both junctions are highly doped, the 

valence band maximum of the respective p-GaN will be raised above the conduction band 

minimum of the respective n-GaN layer. Electrons can tunnel from the valence band of the p-

GaN layer to the conduction band of the n-GaN layer through band-to-band tunneling. 26,27 

Meanwhile, holes created by the same process are injected to the active region under electric 

field and recombine with electrons transport from the other TJ, which efficiently assist the 

radiative recombination process in both LEDs. Therefore, this design theoretically enables the 

cascaded InGaN LEDs with independent junction control. 
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Figs. 6. Schematic structure for the cascaded LEDs with TJs on top and band diagram at forward 

bias of 7 V. The band diagram shows the flow of electrons and holes in the TJs. 

The cross-sectional schematic structure of the cascaded blue/green µLEDs with individual 

contacts was shown in Figure 7(a). Standard blue LEDs were carried out with chemical 

treatment and loaded into MOCVD reactor for the overgrowth of TJs and green LEDs 

immediately. The TJs were consisted by n-InGaN/n+GaN/n-GaN with a thickness of 2 nm/10 

nm/380 nm. The Si doping concentration in the n+GaN is 1.7×1021 cm-3. Details about TJs 

growth conditions can be seen in our previous publication.19,20~23 The green LEDs were 

consisted of 1 µm n-type GaN, 30 pairs In0.06Ga0.94N/GaN (3 nm/6 nm) superlattice (SLs), 5 

pairs of InGaN/AlGaN/GaN (3 nm/2 nm/9 nm) multiple quantum wells (MQWs), 20 nm p-

type AlGaN electron blocking layer (EBL), a 120 nm p-type GaN and a 20 nm heavily doped 

p+GaN.24 Cascaded LEDs were taken out of the MOCVD reactor, following by a similar 

chemical treatment and TJ was grown on top of the green LEDs. The n-type GaN of the green 

LEDs and blue LEDs was exposed by the reactive ion etching with a depth of 1 µm and 1.8 
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µm, respectively. The p-type GaN of blue and green LEDs were re-activated by rapid thermal 

annealing (RTA) at 700 ºC for 30 minutes to remove the hydrogen in the p-type region through 

sidewalls.19~20,23,28 Thanks to the small mesa size, the p-GaN could be fully re-activated. 5 

pairs of SiO2 and Ta2O5 stack with 20 nm Al2O3 on top were deposited by ion beam deposition 

as sidewall insulation layer. A 25-nm SiO2 layer was deposited as sidewall passivation layer 

by atomic layer deposition. 4,6, 19~20,30 Al/Ni/Au (500 nm /100 nm /500 nm) were evaporated 

as ohmic contact to n-type GaN and contact pads. Figure 7(b) shows the scanning electron 

microscope (SEM) of the fabricated cascaded µLEDs. The cross-finger metals work as ohmic 

contact layer for the n-type GaN layer of green µLEDs and the TJs of blue µLEDs. The cross-

finger contact layer was embedded into the mesa of green µLEDs, which can enlarge the 

exposed sidewall areas of the green µLEDs and improve the p-GaN re-activation efficiency.29 

Also, it can improve current spreading for the blue µLEDs with more uniform current 

injection. Although it would introduce more sidewall damage for the green µLEDs, chemical 

treatment such as KOH or H3PO4 could be carried out to recovery the sidewall damage as 

shown by Wong et al. in Ref. 20.  

 

Figs. 7. (a) Detailed schematic structure of the full cascaded TJs blue and green µLEDs and (b) SEM 

image of the fabricated cascaded µLEDs. 
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Figures 8(a) to 8(c) show the emission spectra of the blue µLEDs, green µLEDs and 

blue/green µLEDs at an injection current of ~0.4 mA. The inset shows the individual electrical 

luminous images for the same device took from microscope, and we can see uniform luminous 

images in the TJ blue µLEDs, TJ green µLEDs, and blue/green µLEDs, proving that the TJs 

are efficient and p-GaN has been re-activated. The emission peak wavelength for the TJ blue 

µLEDs and TJ green µLEDs is 455 nm and 508 nm, respectively, followed by a full-width 

half maximum (FWHM) of 18 nm and 33 nm. A very weak green shallow emission appears 

in the spectrum of the TJ blue µLEDs, which is caused by the excitation of the green MQWs 

by the blue light. Since the green emission peak is so weak that it would not affect the blue 

emission from the bottom blue µLEDs. Another consideration for growing green µLEDs on 

top is that the growth temperature of green MQWs is much lower than that of blue MQWs. 

For the cascaded blue/green LEDs, two emission peaks located at 445 nm and 507 nm were 

observed. Therefore, we can realize TJ blue µLEDs, TJ green µLEDs and blue/green µLEDs 

in the same devices by injecting the current through different contact pads.  

 

Figs. 8. Electrical luminous spectrum for (a) TJ blue µLEDs, (b) TJ green µLEDs, and (c) 

blue/green µLEDs. The insets show the electrical luminous microscope images of blue µLEDs, green 

µLEDs and blue/green µLEDs, respectively. 
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The emission spectra of the cascaded TJ blue/green µLEDs at various injection current 

from 0.3 to 3 mA is shown in Figure 9(a). Two clear emission peaks located in blue and green 

region appear when the current is higher than 0.3 mA. The extracted blue and green peaks 

wavelength versus injection current were plotted in Figure 9(b). Both emission peaks show 

blue shift. The blue peak decreases from 447 nm to 443 nm, and the green peak reduces form 

the 513 nm to 502 nm as the current increases from 0.3 to 1 mA. The wavelength blue-shift is 

typically observed in the c-plane InGaN LEDs, which is due to carriers filling higher energy 

localized states. The integrated intensity ratio of the blue and green peaks (Iblue/Igreen) versus 

current was also plotted in Figure 9(b), which increases from 0.03 to 0.5 with increasing 

current from 0.3 to 1 mA. The injected carriers were firstly captured in the blue active region 

at a small current. As the current increases, more carriers were radiatively recombined in the 

green active region. Such carrier dynamic behavior in the cascaded TJ µLEDs maybe caused 

by the non-radiative recombination paths related to the more sidewall damage in TJ green 

µLEDs. Further studies would be carried out to understand the carrier recombination process, 

especially for the sidewall recovered treatment.31 

 

Figs. 9. (a) Electrical luminous spectra at various injection current for blue/green µLEDs and (b) The 

extracted blue peak, green peak, and intensity ratio of blue/green peak at various injection current. 
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The current-forward voltage (I-V) curves of the blue µLEDs, green µLEDs, and 

blue/green µLEDs are shown in Figure 10(a). At 1 mA, the forward voltage (Vf) in TJ blue 

µLEDs and TJ green µLEDs is 4.20 V and 3.48 V, respectively. The Vf of the cascaded 

blue/green µLEDs is 7.62 V at 1 mA, which is slightly smaller than the total voltage in TJ 

blue µLEDs and TJ green µLEDs. At a current density of 20 A/cm2, the Vf for the TJ µLEDs 

(60×60 µm2) and TJ green µLEDs (~45×45 µm2) is 4.06 V and 3.13 V, indicating efficient 

TJs and a p-type GaN re-activation efficiency. The lower Vf in the TJ green µLEDs can be 

understood by the enlarged sidewalls areas shown in Fig. 7(b), which provide the visible paths 

for the out diffusion of hydrogen during RTA. The output power versus injection current for 

the blue µLEDs, green µLEDs and blue/green µLEDs was shown in Figure 10(b). The output 

power increases linearly with the injection current for the three LEDs.  At 4 mA, the output 

power of the blue µLEDs, green µLEDs, and blue/green µLEDs is 0.89 mW, 0.43 mW and 

1.41 mW, respectively. Those optical and electrical properties of the cascaded TJ µLEDs 

indicate that the width of the depletion region in the TJs were thin enough and the p-GaN 

layers were fully re-activated. Therefore, we can manipulate the injection of carriers into blue, 

green, and blue/green active regions independently, showing promising potentials for the 

integration of multiple µLEDs.  
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Figs. 10.  (a) I-V characteristics and (b) Output power versus current curves for TJ blue µLEDs, 

TJ green µLEDs, and blue/green µLEDs. 

In conclusion, we present high performance cascaded blue/green µLEDs with independent 

junction control utilizing MOCVD-grown TJ. This demonstration provides promising 

application of TJs for cascaded µLEDs.  
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4. InGaN based red micro-LEDs 

4.1 Size-independent peak EQE of InGaN red μLEDs 

Micro-light-emitting diodes (µLEDs) displays have been considered as the next 

generation display technology due to the higher resolution, high contrast ratio, longer lifetime 

and lower power consumption compared to the traditional display, such as liquid crystal 

display (LCD) and organic light-emitting diodes (OLEDs). µLEDs can be widely applied in 

wearable devices, ultra-large and very small display screen, augmented reality, virtual reality, 

and visible light communication.1~6 In micro-LEDs display, each die becomes pixel, which 

are operated at a low current density of ~2 A/cm2 from displays and a slightly higher current 

density (<30 A/cm2) for micro-displays.2 Among the many challenges of µLEDs display 

technology, red µLEDs (~620 nm) is a major area of research focus now.7, 8 The two kinds of 

compound semiconductor materials system that can generate red light are AlInGaP and 

InGaN.7~14 On one hand, although AlInGaP red LEDs have shown a high external quantum 

efficiency (EQE) for a regular die size of 0.1 mm2, these devices exhibit a significant reduction 

in EQE by decreasing the size to µLEDs scale (<100×100 µm2).7~10 This reduction has largely 

been attributed to the high surface recombination velocity of AlInGaP µLEDs (~105 cm/s) as 

compared to that of InGaN µLEDs (~104 cm/s).8, 10~11 Therefore, AlInGaP µLEDs suffer from 

a much larger Shockley-Read-Hall (SRH) nonradiative recombination induced by sidewall 

damage, leading to the reduction of EQE for small size devices.7~8 On the other hand, the EQE 

of InGaN-based red µLEDs remains low due to the strong quantum-confinement Stark effect 

(QCSE) in the InGaN quantum wells (QWs) with a very high indium composition.12~14 The 

large lattice mismatch in the InGaN red QWs results in a large piezoelectric field and then 
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reduces the electron and hole wavefunction overlap and the internal quantum efficiency. 

Therefore, the EQE of InGaN-based red µLEDs remains low. 

There have been several reports about the performance improvement of InGaN red 

µLEDs.12~18 Hwang et al. used Al0.90Ga0.10N cap layer on top of the InGaN QWs to enhance 

the efficiency of InGaN red LEDs.14 Zhang et al. shown high efficiency normal size InGaN 

orange/red LEDs grown on a silicon substrate using three dimensional “V-pits” injection.15 

Iida et al. presented low forward voltage InGaN red LEDs by combing blue and red QWs in 

the active region or thick underlying GaN layers to reduce in-plane residual stress.16, 17 

However, there are only a few studies on the InGaN red µLEDs with a size less than 100×100 

µm2.18~20 The common GaN-based LEDs process would result in a decrease of EQE with 

reducing size, making efficient InGaN red µLEDs more challenging. Pasayat et al. 

demonstrated 632 nn InGaN red µLEDs with a size less than 10×10 µm2 using strained relaxed 

porous GaN template. However, the on wafer EQE was ~0.2%.18 Dussaigne et al. presented 

50×50 µm2 InGaN red µLEDs grown on InGaN pseudo-substrate bonding on sapphire with 

an EQE less than 0.1%.19 Therefore, the realization of high efficiency InGaN red µLEDs with 

a small size remains highly desired.  

In this work, we demonstrate size-independent EQE of InGaN red µLEDs with emission 

wavelength over 600 nm. The 611 nm InGaN red µLEDs show a peak EQE of 2.4% to 2.6%, 

even for the device size of 20×20 µm2. 

 

The InGaN red LEDs were grown on (001) patterned sapphire substrate (PSS) using 

atmospheric pressure metal organic chemical vapor deposition (MOCVD). Trimethylgallium 

(TMGa), triethylgallium (TEGa), trimethylaluminium (TMAl), trimethylindium (TMIn), 
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bicyclopentadienyl (Cp2Mg), disilane (Si2H6), and ammonia (NH3) sources were used as 

precursors and dopants. Fig. 1(a) shows the schematic epitaxial structure, which consists of a 

3-μm unintentionally doped (UID) GaN, a 3-μm n-type GaN with a Si concentration of 6×1018 

cm-3, a 30 pair In0.06Ga0.94N/GaN (3 nm/6 nm) superlattices (SLs), a 6 pair InGaN red 

QWs/AlGaN cap layers/GaN barriers (3 nm/2 nm/9 nm), a 20 nm p-type AlGaN electron 

blocking layer (EBL), a 120 nm p-type GaN with Mg concentration of ~1×1020 cm-3, and a 20 

nm heavily Mg-doped p+GaN contact layer (~1021 cm-3). The advantage of incorporating an 

AlGaN cap layer on InGaN green QWs can be found in the previous reports from our group.21, 

22 For these devices, the indium composition in the QWs is expected to be higher than 35% 

for the emission wavelength over 600 nm. The epitaxial wafer shows a roughness of 0.3 nm 

on a 5×5 μm2 area scanned by atomic force microscope (AFM), indicating a smooth layer. 

Square µLEDs with a length ranging from 20 to 100 µm were fabricated.4~7 A110-nm indium-

tin oxide (ITO) was deposited as a transparent and ohmic contact layer. Reactive-ion etching 

(RIE) was used to etch the mesa using SiCl4. An omnidirectional reflector (ODR) consisting 

of SiO2 and Ta2O5 with a 60 nm Al2O3 cap was deposited using ion beam deposition (IBD). 

A 25 nm SiO2 layer was deposited by atomic-layer deposition (ALD) for sidewall passivation. 

Metals contact pads of Al/Ni/Au (500 nm /100 nm /500 nm) were deposited. Fig. 1(b) is the 

scanning electron microscope (SEM) image of the fabricated 60×60 µm2 µLED, showing the 

mesa, ODR and metals contact clearly. Finally, the µLEDs were diced, and the singulation 

die was mounted on silver header, bonded with gold wire, encapsulated with silicone, and 

measured in an integrating sphere. 
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FIG. 1. (a) Schematic epitaxial structure of InGaN red µLEDs; (b) SEM of the fabricated 60×60 

µm2 µLEDs. 

  Fig. 2 shows the optical microscopy images of the InGaN µLEDs at a current density ~3 

A/cm2. All the µLEDs with different sizes demonstrate uniform red electroluminescence (EL). 

Even for the size down to 20×20 µm2, red emission is clearly observed, indicating a uniform 

current injection and a minimization of sidewall damage. Also, we can see the emission 

reflected from the patterned sapphire from the images. 

 

FIG. 2. Microscope EL images of InGaN red µLEDs with a size varied from 100×100 to 20×20 

µm2. 

The current density-forward voltage (J-V) characteristics of the InGaN µLEDs with 

different sizes are plotted in Fig. 3(a). For the µLEDs from 40×40 µm2 to 100×100 µm2, the 

J-V curves are similar with a forward voltage (Vf) of 3.7 V at 20 A/cm2. The 20×20 µm2 

µLEDs exhibit a lower forward voltage and the Vf at 20 A/cm2 is 3.5 V, which may be caused 

by an improved current spreading in the very small size device. The output power-current (Po-

I) characteristics for the 100×100 µm2, 60×60 µm2, and 20×20 µm2 InGaN µLEDs are shown 
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in Fig. 3(b). The output power was collected by an integrating sphere. All three µLEDs show 

a linear increase of the output power with increasing injection current. It is worth noting that 

the three Po-I curves are well overlapped at low injection current, suggesting that the output 

power does not degrade for small size InGaN µLEDs. The output power for 100×100 µm2 

µLEDs was 0.83 mW at 20 mA. The EL spectrum at 20 A/cm2 is shown in Fig. 3(c). The peak 

wavelength is 611 nm and the full-width half maximum (FWHM) is 48 nm, which is typically 

observed for InGaN LEDs with such long emission.13, 16, 19 There are no additional short peak 

in the EL spectrum, suggesting good uniform of the InGaN red QWs and no carrier injection 

into the SLs.16 Moreover, the peak emission wavelength versus injection current density was 

presented in Fig. 3(d). The peak wavelength decreases from 611 nm to 588 nm as the current 

density increases from 3 to 200 A/cm2. At a high injection current density, carriers start filling 

the higher energy localized states.23 Also, polarization-related electric field would be screened, 

resulting in the large blue-shift in peak wavelength.23, 24 The large blue-shift in peak 

wavelength of InGaN µLEDs becomes challenging for micro-LEDs display application. 
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FIG. 3. (a) Current density-forward voltage curves of InGaN µLEDs with sizes varied from 

100×100 to 20×20 µm2; (b) Output power-injection current curves for 100×100, 60×60, and 20×20 

µm2 µLEDs; (c) Emission spectrum of the InGaN µLEDs at 3 A/cm2; (d) Peak emission wavelength 

versus current density. 

Fig. 4(a) shows the packaged µLEDs with silicon cap layer, which can improve the light 

extraction efficiency due to a lower refractive index around 1.5 compared to ~2.3-2.4 for GaN. 

Fig. 4(b) is the luminous image of the packaged µLEDs under a small current density of 2 

A/cm2, showing a clear red emission. The dependence of EQE on current density measured 

from the integrating sphere for all sizes µLEDs is plotted in Fig. 4(c). The peak EQE is ~2.6% 

for 80×80 µm2 and 100×100 µm2 µLEDs at 10 to 20 A/cm2. As the sizes decreases to 20×20 

µm2, the EQE maintains as high as 2.4%. All sizes InGaN red µLEDs show similar EQE 

versus J curves, which suggests that there is no obvious degradation of EQE for the smaller 
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die area until 20×20 µm2. At 100 A/cm2, the EQE varies from 2.3% to 2.5% for the InGaN 

µLEDs ranged from 20×20 µm2 and 100×100 µm2.  

 

FIG. 4. Images of the packaged InGaN µLEDs (a) without and (b) with injection current; (c) 

EQE versus current density of the InGaN red µLEDs with sizes from 100×100 to 20×20 µm2. 

 

Finally, a comparison of normalized peak EQE at different lengths of square AlInGaP and 

InGaN red µLEDs is shown in Fig. 5. The fabrication process of the AlInGaP red µLEDs is 
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the same as the InGaN red µLEDs, which can be seen in Ref. 7 from our group. As the die 

size decreases to 20×20 µm2, the normalized peak EQE of AlInGaP red µLEDs decreases to 

be only 43% of the EQE of AlInGaP red µLEDs with a die area of 100×100 µm2. Similar 

phenomenon has been reported in other studies.7, 8 This is caused by the SRH carrier injection 

loss due to a higher surface recombination velocity of AlInGaP, which is related to the 

fundamental property of the materials and difficult to overcome. In contrast, InGaN red 

µLEDs show a stable normalized EQE with reducing length. There is no significant EQE 

droop even as the size shrinks to 20×20 µm2. This is mainly attributed to the lower surface 

recombination velocity of InGaN materials and the µLEDs fabrication process.25, 26 Such 

comparison unambiguously points to the advantage of InGaN red µLEDs for small size 

efficient red µLEDs down to 20×20 µm2, which are very promising for the µLEDs display 

application. Most importantly, 5×5 µm2 red µLEDs with an EQE of 5% are targeted for 

µLEDs display technology and we believe that InGaN red µLEDs would have large potentials 

for such efficiencies.  
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FIG. 5. Comparison of normalized peak EQE for square InGaN and AlInGaP red µLEDs with 

different lengths. Reprinted with permission from Wong et al. Opt. Express 28, 5787-5793 (2020).7 

© The Optical Society. 
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In summary, we demonstrate size-independent peak EQE InGaN red µLEDs, showing 

good optical and electrical properties. The InGaN red µLEDs exhibit a single emission peak 

at 611 nm at 3 A/cm2 and a peak EQE around 2.4% to 2.6%. These results point out the 

promising potentials of achieving high EQE red µLEDs by utilizing InGaN materials.   

4.2 Robust temperature property of InGaN red μLEDs 

Red µLEDs are especially challenging: although conventional AlInGaP red LEDs can be 

efficient, the efficiency of AlInGaP µLEDs suffers from severe size-effects, due to a high 

surface recombination velocity of AlInGaP materials. 7, 8 AlInGaP-based red µLEDs also 

show a degradation in output power and external quantum efficiency (EQE) at high operation 

temperature, which is caused by carrier leakage over the quantum barriers and electron-drift-

induced reduction in injection efficiency. 27~29 

For GaN-based µLEDs, the peak EQE can be maintained thanks to proper sidewall 

passivation or chemical treatments, which is essential for µLEDs devices.25 However, the 

well-known “green gap”, i.e., the dramatic efficiency reduction when the emission wavelength 

extends into green range, remains challenging for InGaN-based LEDs.14 To achieve red 

emission, the indium composition of the InGaN/GaN multiple quantum wells (MQWs) should 

be higher than 30%, making the epitaxy of red LEDs even more challenging.14, 16 A low 

growth temperature is required to increase the indium incorporation efficiency, which can 

deteriorate the material’s crystal quality. The high indium composition InGaN quantum wells 

(QWs) create a large piezoelectric field, resulting in a strong quantum-confined Stark effect 

and a further decrease in internal quantum efficiency (IQE). Although several growth 

technologies have been employed such as strained relaxed nano-porous GaN,18 InGaN 

pseudo-substrate19 and thick n-type GaN layer,30 the reported EQE of InGaN-based red 
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µLEDs remains very low (<1%).16~19 Moreover, while it is known that blue and green InGaN 

LEDs can be efficient up to high temperature, the thermal droop behavior of InGaN red 

µLEDs remains unclear.  

We recently achieved InGaN red µLEDs with an EQE over 2%, as discussed in Ref. 31. 

In this Letter, we study the high temperature electroluminescent (EL) properties of such 

InGaN red µLEDs (40×40 µm2), which show a peak wavelength of 600 nm and a peak EQE 

of 3.2% 

 

The InGaN epitaxial wafers were grown on polar c-plane patterned sapphire substrate by 

atmospheric pressure metal-organic chemical vapor deposition. Trimethylgallium, 

triethylgallium, trimethylaluminium, trimethylindium, bicyclopentadienyl, disilane, and 

ammonia sources were used as precursors and dopants. The MQWs consist of 5 pairs of 

InGaN QWs, AlGaN cap layers and GaN barriers. The detailed epitaxy structure is described 

in Ref. 31. 40×40 μm2 size µLEDs were fabricated. A 110-nm thick indium-tin oxide contact 

was first deposited on p-type GaN. 40×40 μm2 mesas were exposed by reactive-ion etching. 

An omnidirectional reflector formed by SiO2 and Ta2O5 stacks was deposited. 30 nm SiO2 

was deposited by atomic layer deposition for sidewall passivation. Finally, 600-nm/100-

nm/600-nm Al/Ni/Au metals were evaporated as contacts and pads. Fig. 6(a) shows a scanning 

electron microscope (SEM) image of the fabricated 40×40 µm2 µLED. Fig. 6(b) shows the EL 

spectrum of the µLEDs at a current density J = 20 A/cm2 at room temperature: it has a single 

emission peak at 600 nm with a full width half maximum (FWHM) of 48 nm, suggesting a 

high crystal quality of the InGaN red QWs. 
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FIG. 6(a) SEM image of 40×40 µm2 µLEDs and (b) Emission spectrum of InGaN µLEDs at 20 

A/cm2, showing a peak wavelength of 600 nm and a FWHM of 48 nm. 

Fig. 7 shows the EL peak wavelength of the InGaN µLEDs at a current density of 20 

A/cm2 as the stage temperature increases from 300 K to 400 K. The peak wavelength λ shows 

a linear redshift with increasing the temperature T. The slope of the peak wavelength redshift 

versus temperature is 0.05 nm/K, which is lower than the 0.085 nm/K in the InGaN red LEDs 

grown on Ga2O3 substrate29 and is much lower than the value of 0.137 nm/K in 630 nm 

AlInGaP red LEDs.33 Therefore, InGaN-based red µLEDs are promising candidates for high 

temperature wavelength-stable lighting sources.   
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FIG. 7. EL peak wavelength versus temperature with linear fitting. The slope is 0.05 nm/K. 

Fig. 8(a) shows the temperature-dependent current density-forward voltage (J-V) 

characteristics from 300 K to 400 K. Note that, at the highest temperatures (380 K and 400 

K), the device becomes leaky at low current – this might be due to a leakage path induced by 

temperature and high-current operation. The forward voltage decreases with increasing 

temperature, which is usually observed in pn diodes. However, the voltage reduction observed 

here is substantial (4 mV/K), and an order of magnitude larger than what would be expected 

from bandgap shrinkage alone. This data can be re-cast in terms of electrical efficiency (EE), 

defined as EE = 1240 / (*V). In optimized blue InGaN LEDs with near-ideal injection, the 

EE can exceed unity (due to the thermocooling effect) and reaches ~1.05 at J = 10 A/cm2.26  

In the present red LEDs, the EE has a moderate value of 0.68 at room temperature, and rises 
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to 0.78 at 400 K. We interpret this data as follows: these LEDs still suffer from imperfect 

injection (possibly due to trap-assisted transport and/or excess voltage barriers at 

heterointerfaces), causing a higher-than-ideal voltage and a reduced EE. As the temperature 

increases, thermal energy mitigates the injection-limiting processes, the voltage drops rapidly 

and the EE rises. We believe that, with future improvements in the doping and epitaxial stack, 

substantially-higher EE values could be achieved. 

The J-V data can also be analyzed in terms of the ideality factor. In the conventional drift-

diffusion model, the current I can be expressed by 𝐼 = 𝐼0 exp (𝑞𝑉/𝑛𝐾𝑇), where n is the 

ideality factor, q is the elementary charge, and T is the absolute temperature. n can be obtained 

by 𝑛 = (
𝑞

𝐾𝑇
) (

𝑑𝑙𝑛𝐼

𝑑𝑣
)

−1

, from the slope of the linear region of logJ-V curves.34 The extracted 

values of n at 1 A/cm2 at various temperatures are shown in Fig. 8(b). The ideality factor n 

decreases from 6.7 to 5.0 from 300 K to 360 K (above this temperature, the device becomes 

leaky, which artificially increases the value of n). According to the Sah-Noyce-Shockley 

theory of pn junctions, the ideality factor n is between 1 and 2, and is caused by the 

recombination of carriers injected in the neutral regions and mediated by recombination 

centers located near the intrinsic Fermi level.34, 35 This is typically observed in optimized 

InGaN blue LEDs grown on sapphire substrate or bulk GaN substrate.34, 36 An ideality factor 

larger than 2 can be caused by trap-assisted tunneling, carrier leakage, and other sources of 

imperfect injection. Therefore, the high ideality factors observed here indicate non-ideal 

transport, possibly caused by significant defect-assisted processes. The reduction in n at high 

temperature indicates an improvement in injection processes. This is consistent with our 

previous discussion of the EE. 
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FIG. 8(a) Current density-forward voltage curves of InGaN µLEDs and (b) Ideality factor at 

various temperatures from 300 K to 400 K 

 

Fig. 9(a) shows the measured EQE versus J (on the logarithmic scale), from room 

temperature to 400 K. It is worth noting that the peak EQE is as high as 3.2% at room 

temperature, which is much higher than the EQE of 0.2% in InGaN red µLEDs grown on 

nano-porous GaN substrate18 and the EQE of 0.56% reported by Zhuang et al.30  The shape 

of the EQE curve is very flat, especially at room temperature, and cannot be interpreted by the 

standard ABC model; we speculate that imperfect injection dominates the EQE shape at low 

current, causing this non-standard shape. The onset of current droop is around 3 A/cm2. As 

the temperature increases, the peak EQE decreases, especially at low current density.  The 

hot/cold factor (HC factor) i.e., the ratio of high-temperature EQE to room-temperature EQE, 

is used to quantify the thermal droop behavior.37 The EQE HC factor versus J is shown in Fig. 

4(b): the HC factor increases with current density for all temperatures. At 50 A/cm2, the EQE 

HC factor is as high as 0.85 at 360 K and 0.72 at 400 K. The HC value at 360 K is similar to 

that of commercial blue InGaN LEDs, suggesting that this high-temperature robustness is a 

general property of the InGaN material system. At the highest temperatures (380 K and 400 
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K), the HC factor is very low at a low current density; this is because the device became leaky 

during the measurement. Therefore, we believe that the HC factor at these temperatures is 

somewhat under-estimated. 

We now discuss the possible interpretation of the HC factor data. In blue LEDs, the HC 

factor has been studied by various teams: in defective LEDs (especially those grown on 

sapphire with large defect density), the low HC factor is dominated by defect-assisted 

tunneling;38 in low-defect LEDs (such as those grown on bulk GaN substrates), the HC factor 

can be very high, and is caused by a decrease in injection efficiency at high temperature.37 In 

the present LEDs, several explanations are possible. Generally, due to a large lattice match 

and low growth temperature, the defect density in of InGaN/GaN red MQWs is high. 

Therefore, defect-related processes are likely to play an important role both in the carrier 

recombinations and the transport of InGaN red µLEDs. This is supported by the high ideality 

factor in Fig. 8.38, 39 One possible interpretation is that non-radiative Shockley-Read-Hall 

recombinations are increasing with temperature (however, a quantitative assessment is 

difficult here since the EQE shape is not well explained by the ABC model); another is that 

defect-assisted tunneling becomes more pronounced, like in blue LEDs. In addition, thermal 

activation of a defect-assisted droop process is possible.40 Further studies will be necessary to 

clarify the nature of thermal droop in red InGaN LEDs. 

Finally, the wall-plug efficiency (WPE) and WPE HC factor of the InGaN red µLEDs are 

shown in Fig. 9(c) and 9(d). For clarity, WPE = EQE * EE. The peak WPE at room 

temperature is 2.4% at ~3A/cm2. The WPE HC factor at 400 K at 50 A/cm2 is 0.85, again 

indicating a good thermal stability of InGaN red µLEDs. The higher WPE HC factor (0.85) at 
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50 A/cm2 compared to the EQE factor (0.72) at 400 K is attributed to the reduction in voltage 

at high temperature.  

 

FIG. 4. Temperature-dependent (300 K to 400 K) (a) EQE versus current density; (b) EQE HC 

factor versus current density; (c) WPE versus current density; (d) WPE HC factor versus current 

density. 

It is worth pointing out that thermal droop is much more pronounced for AlInGaP-based 

red LEDs. Oh et al. measured an EQE HC factor (388 K/298 K) of only 0.55 for regular size 

(960×960 µm2) AlInGaP red LEDs.27 Also, Steranka et al. observed a fast degradation of 

output power at high operation temperature of AlInGaP red LEDs with a HC factor (400 K) 

of 0.4.28 It is expected that the HC factor would be even lower in AlInGaP red µLEDs, since 

the impact of nonradiative recombinations increases significantly for small sizes. Therefore, 

InGaN red µLEDs exhibit a smaller thermal droop compared to AlInGaP red µLEDs.  
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In conclusion, we present InGaN red µLEDs with a peak EQE of 3.2%, a peak WPE of 

2.4%, and a redshift of 0.05 nm/K versus temperature. At 400 K, we obtain an EQE HC factor 

of 0.72 and a WPE HC factor of 0.85 at 50 A/cm2 – both robust values, especially in 

comparison to AlInGaP red LEDs.  The efficiency of our LEDs remains limited by imperfect 

injection, and further optimization should enable even-better performance. Nonetheless, these 

results indicate that the InGaN material system is a promising candidate for efficient and 

temperature-stable red µLEDs.  

4.3 Ultra-small 5×5 µm2 InGaN red micro-light-emitting diodes  

For AR and VR display applications, very small µLEDs less than 10×10 µm2 are 

demanded.3 The common µLEDs displays are based on AIlnGaP material for red emission 

and InGaN material for green and blue emission. However, such small AlInGaP red µLEDs 

face a severe size-effect and show a very low EQE due to a substantial SRH nonradiative 

recombination by the high surface recombination velocity and sidewall damage. 8,41,42  

Now researchers are pursuing InGaN materials for red emission due to two main 

advantages: InGaN µLEDs can maintain a high EQE by sidewall passivation or chemical 

treatments; InGaN µLEDs exhibit a better thermal stability up to high temperature.18~19 

However, InGaN LEDs show a dramatical reduction in EQE as the emission wavelength goes 

into green range, so called “green gap”.43 For InGaN red µLEDs, the EQE is much lower due 

to a stronger quantum-confined Stark effect (QCSE).10 Until now, there are only a few reports 

about red µLEDs less than 10×10 µm2.18,44, Bi et al. presented nano InGaN platelets for red 

emission, but no electroluminescence (EL) was presented.44 S. S. Pasayat et al. demonstrated 

InGaN red µLEDs (6×6 µm2) grown on strained relaxed nano-porous template, however, the 
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peak EQE is only 0.2%.18 A. Dussaigne et al. utilized InGaNOS substrate to increase indium 

incorporation efficiency and the 10 µm diameter circular InGaN red µLEDs only show an on 

wafer EQE of 0.14%.19 Those EQE values remain very low for AR and VR applications.  

In this work, we demonstrate ultra-small 5×5 µm2 InGaN red µLEDs with a peak EQE of 

2.6%. Details of the EL properties are discussed.  

 

The InGaN epitaxial wafers were grown on polar c-plane patterned sapphire substrate 

(PSS) by atmospheric pressure metal-organic chemical vapor deposition. The PSS has coned 

shape with a height of 1.7 µm, a diameter of 2.6 µm and a space of 0.4 µm. Trimethylgallium, 

triethylgallium, trimethylaluminium, trimethylindium, bicyclopentadienyl, disilane, and 

ammonia sources were used as precursors and dopants. The InGaN red LEDs were consisted 

by a 3 µm undoped GaN, a 3 µm Si-doped n-type GaN, 30 pairs InGaN/GaN superlattices 

(SLs), 6 pairs of InGaN quantum wells (QWs)/AlGaN cap layer/GaN barriers, Mg-doped 

AlGaN electron blocking layer, 100 nm Mg-doped p-type GaN and a heavily doped 20 nm 

p+GaN.21, 31 110 nm indium-tin oxide was deposited. µLEDs with 5×5 μm2 patterns were 

defined by GCA Autostep 200 lithography and the mesa was formed by reactive ion etching. 

3 pairs SiO2 and Ta2O5 stacks with 30 nm Al2O3 were deposited by Veeco NEXUS ion beam 

deposition. 30 nm SiO2 was deposited by atomic layer deposition as sidewall passivation layer. 

Finally, 600 nm/100 nm/600 nm Al/Ni/Au metals were deposited as contacts to n-GaN and 

pads.41 Fig. 10(a) shows a scanning electron microscope (SEM) image of the 5×5 μm2 µLED. 

Fig. 10(b) is the microscope image of the 5×5 μm2 µLED at a current density (J) of 3 A/cm2 

under room-temperature. The “hexagonal” like pattern is attributed to the scatting effect of 

the red emission through the PSS.  
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FIG. 10(a) SEM image of the InGaN 5×5 µm2 µLED and (b) EL image of 5×5 µm2 red µLED by 

microscope, showing uniform red emission and light scatting pattern. The device in 1(a) and 1(b) is 

aligned in a same direction. 

 

The emission spectrum of the InGaN µLEDs at 3 A/cm2 is shown in Fig. 11(a). It has a 

single emission peak at 607 nm with a narrow full-width half maximum (FWHM) of 44 nm, 

suggesting a high crystal quality of the InGaN red QWs.17~18 Fig. 11(b) shows the EL peak 

wavelength and FWHM versus J. The EL peak wavelength exhibits a large blue-shift from 

617 nm to 570 nm as the J increases from 0.5 A/cm2 to 70 A/cm2, which is caused by the large 

piezoelectric field in the c-plane polar InGaN red QWs with a very high indium composition. 

The FWHM slightly reduces from 45.4 nm to 43.4 nm with increasing J from 0.5 A/cm2 to 4 

A/cm2, and then it increases linearly to 51 nm as J reaches 70 A/cm2. The slope of the FWHM 

versus J is 0.12 nm/(A/cm2). The initial reduction of FWHM at low J is related to coulomb 

screening of QCSE and the increase of FWHM at high J is caused by the carriers filling high-

energetic localized centers.24 
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FIG. 11. (a) EL spectrum at 3 A/cm2; (b) EL peak wavelength and FWHM at various current 

densities. 

Fig. 12(a) shows the current density-voltage (J-V) curve of the InGaN red µLEDs. At 20 

A/cm2, the forward voltage is 3.3 V. The turn on voltage at 1 A/cm2 is ~2.4 V. The inset shows 

the reverse current. The reverse current is as low as ~10-9 A at -5 V, indicating an excellent 

suppression of leakage paths in the sidewalls area. In pn diodes, the injection current I can be 

expressed by 𝐼 = 𝐼0 exp (𝑞𝑉/𝑛𝐾𝑇), where n is the ideality factor, q is the elementary charge, 

and T is the absolute temperature.35 Therefore, n can be extracted by 𝑛 = (
𝑞

𝐾𝑇
) (

𝑑𝑙𝑛𝐼

𝑑𝑣
)

−1

. The 

n is as high as ~8 at 3 A/cm2, indicating a trap-assisted transport and/or tunneling.35 The most 

possible cause is the high defect density in the InGaN red multiple quantum wells (MQWs) 

due to a low growth temperature and a large lattice mismatch. Fig. 12(b) presents the output 

power and luminous flux at different J, which were collected by an integrating sphere. Both 

output power and luminous flux increase with J. At 20 A/cm2, the output power and luminous 

flux is 0.27 µW and 1.27×10-4 lm, respectively. The corresponding output power density and 

luminous flux density is 10.6 mW/mm2 and 5.1 lm/mm2, respectively. Moreover, the EQE 

versus J is shown in Fig. 12(b). The EQE increases with J, reaches a peak at 2.6% with an 

onset J of 20 A/cm2 and then starts to decrease. Such efficiency droop is typically observed 
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in c-plane polar InGaN green LEDs.21, 43 It is worth noting that both peak EQE (2.6%) and 

output power density (10.6 mW/mm2) in our 5×5 μm2 InGaN red µLEDs are much higher 

than the values reported about InGaN red µLEDs.17~19  

 

FIG. 12(a) Current density-forward voltage of InGaN 5×5 µm2 µLEDs; (b) Output power and 

luminous flux versus current densities; (c) EQE at various current densities. 

Furthermore, we compare the EQE versus J of InGaN red µLEDs with a size of 5×5 μm2 

and 100×100 μm2, as shown in Fig. 13. The 100×100 μm2 red µLEDs were fabricated on the 

same epitaxy wafer with a same process. The peak EQE of 100×100 μm2 µLEDs is 3.2%, 

which is higher than the value of 5×5 μm2 devices (2.6%). The EQE droop ratio is defined by 

(EQEpeak-EQE)/EQEpeak. At 70 A/cm2, the EQE droop ratio is 0.8 and 0.67 for the 100×100 

μm2 and 5×5 μm2 red µLEDs, respectively. In conventional ABC model, EQE can be 

expressed by EQE=LEE*BN2/(AN+BN2+CN3), where LEE, A, B, C, and N represents light 

extraction efficiency, SRH nonradiative recombination, radiative recombination, Auger 
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recombination coefficients and carrier density.26 For the 5×5 μm2 µLEDs, the impact of 

nonradiative recombination induced by the sidewall damage (Aʹ) cannot be neglectable since 

the ratio of sidewall area to mesa area is 20 times higher than that of the 100×100 μm2 

µLEDs,45 although the InGaN red µLEDs could exhibit a size-independent EQE scaled down 

to 20×20 μm2.31 The total SRH nonradiative recombination equals to (A+Aʹ), resulting in a 

reduction of the peak EQE and a severe efficiency droop.45 Noted that the light extraction 

simulation by Light Tool (no shown here) reveals that the LEE in 5×5 μm2 µLEDs is slightly 

higher than the 100×100 μm2 µLEDs due to an improved light scatting from the sidewalls.26, 

46 Both improved LEE and uniform current spreading in the 5×5 μm2 InGaN µLEDs should 

be beneficial for a higher EQE. In fact, the 5×5 μm2 InGaN red µLEDs show a lower EQE 

and severe efficiency droop, suggesting the impact of nonradiative recombination from the 

sidewall damages. Generally, the size-effect in the 5×5 μm2 InGaN red µLEDs is not 

significant compared to the dramatical reduction of EQE in AlInGaP µLEDs. We believe taht 

the EQE can be furtherly improved by reducing the defects and enhancing the current injection 

efficiency.8, 31,41  
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FIG. 13. Comparison of EQE versus current densities for 100×100 µm2 and 5×5 µm2 InGaN red 

µLEDs. 

In summary, we demonstrate efficient ultra-small 5×5 μm2 InGaN red µLEDs with a peak 

EQE of 2.6%. At 3 A/cm2, the single peak wavelength is 607 nm and the FWHM is 44 nm. 

The µLEDs show a high output power density of 10.6 mW/mm2 and luminous flux density of 

5.1 lm/mm2. These results pave the way for the implementation of AR and VR displays using 

ultra-small InGaN red µLEDs. 

4.4 Red InGaN micro-light-emitting diodes (>620 nm) with a peak 

external quantum efficiency of 4.5% using an epitaxial tunnel junction 

contact 
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In this study, we demonstrate efficient InGaN true red µLEDs with a peak emission 

wavelength over 620 nm and a peak EQE of 4.5% at ~1 A/cm2, by utilizing MOCVD grown 

TJs. Details of the growth, fabrication and optical/electrical properties of the devices are 

discussed. 

 

The InGaN red LEDs epitaxial wafer was grown on a conventional c-plane patterned 

sapphire substrate by atmospheric-pressure MOCVD. Trimethylgallium, triethylgallium, 

trimethylaluminium, trimethylindium, bis-cyclopentadienyl magnesium, ammonia and 

disilane were used as precursors and dopants. Details of the epitaxial structure and µLEDs 

fabrication can be seen in Fig. 14(a). The red LEDs epitaxial stacks consisted of 3 µm 

unintentionally doped GaN, 3 µm Si-doped n-GaN, 30 pairs In0.04Ga0.96N/GaN superlattices, 

6 pairs of InGaN/AlGaN/GaN multiple quantum wells (MQWs), 20 nm p-AlGaN electron 

blocking layer, 100 nm Mg-doped p-GaN and 20 nm Mg heavily doped p-GaN.12, 13 The TJs 

are consisted by 2 nm In0.14Ga0.86N, 20 nm n+GaN (Si concentration>1.5×1019 cm-3), 380 nm 

n-GaN (Si concentration: 7×1018 cm-3) and 20 nm n+GaN (Si concentration: 3×1018 cm-3). 

SAG technology was employed for the TJs overgrowth. 2.5 µm diameter SiO2 apertures (200 

nm thick) were formed on top of the LEDs. The LEDs were treated with aqua regia at 80 °C 

for 30 mins before the TJs overgrowth.8, 9, 26 60×60 μm2 µLEDs were fabricated. n-GaN mesa 

was exposed by reactive-ion etching. The µLEDs were treated by 5 mins H3PO4 and 5 mins 

BHF and then activated by rapid thermal annealing at 700 °C for 30 mins in N2 ambient. An 

omnidirectional reflector (ODR) by SiO2 and Ta2O5 stacks was deposited. 30 nm SiO2 was 

deposited by atomic layer deposition (ALD) for sidewall passivation. Finally, 600-nm/100-
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nm/600-nm Al/Ni/Au metals were evaporated. Fig. 14(b) is a scanning electron microscope 

(SEM) image of the 60×60 µm2 µLED. 

 

FIG. 14(a) Schematic epitaxial stacks and devices structure of InGaN red µLEDs; (b) SEM 

image of the 60×60 µm2 InGaN red µLEDs. 

 

The inset of Fig. 15(a) shows the optical microscopy image of the electroluminescence 

(EL). The uniform red emission indicates that the buried p-GaN is fully activated with 

MOCVD grown TJs. In SAG TJ µLEDs, the H atoms in the p-GaN can be driven out through 

both sidewalls and SAG apertures.8 Fig. 15(a) shows the EL spectrum of the µLEDs at a low 

current density of 1 A/cm2. The single emission peak is centered at 623 nm and the full-width 

half maximum (FWHM) is 47 nm, suggesting a high crystal quality of the InGaN red QWs. 

Fig. 2(b) describes the EL peak wavelength of the InGaN red µLEDs and FHWM at different 

current densities from 0.03 A/cm2 to 100 A/cm2. The corresponding wavelength blue-shift is 

59 nm, which is caused by the large piezoelectric field in the (0001) polar InGaN red MQWs. 

Similar large wavelength blue-shift in (0001) InGaN red LEDs was reported in Ref. 25 and 

Ref. 27. The FWHM reduces at a low current density region (<1 A/cm2) and then increases at 

a high current density, which is related to the screen of the piezoelectric field and carriers band 

filling effect. Considering that µLEDs in self emissive micro-displays are usually operated at 
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20 A/cm2,28 a longer emission wavelength with minimal wavelength shift can be easily 

obtained in InGaN red µLEDs.  

 

FIG.15(a) EL spectrum at 1 A/cm2. The inset shows the µLEDs EL image under microscope; (b) 

Peak wavelength and FWHM versus injection current density. 

 

Fig. 16(a) shows the current density-forward voltage (J-V) curve. At 20 A/cm2, the 

forward voltage (V) is 4.5 V and the turn on voltage is 3.2 V. This observed voltage is about 

0.7 V higher than InGaN red µLEDs using indium-tin-oxide (ITO) as an ohmic contact.12 The 

ideality factor n can be extracted from the J-V curve. In pn diode, the current density J can be 

expressed by 𝐽 = 𝐽0 exp (𝑒𝑉/𝑛𝐾𝑇) based on drift-diffusion model, where n is the ideality 

factor, e is the elementary charge, and T is the absolute temperature. Thus, the ideality factor 

can be calculated by 𝑛 = (
𝑞

𝐾𝑇
) (

𝑑𝑙𝑛𝐼

𝑑𝑉
)

−1

.13, 29 The ideality factor n in our InGaN red TJ µLEDs 

is 4.5 at 20 A/cm2 while the ideality factor of the optimized LEDs should be between 1.0 to 

2.0.30, 31 Electrical efficiency (EE) can be considered in InGaN red TJs µLEDs, which is 

defined as the ratio of the photon energy to the potential energy of injected electrons. It can 

be obtained by EE=qVphoton/qV=1240/(*V), where  is the emission wavelength.12 The EE 

versus current density on the logarithmic scale is shown Fig. 16(b). The EE shows a high peak 
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of 0.8 at a very low current density and reduces with increasing current density. In optimized 

LEDs/LEDs, the EE should approach to 1.0 at a low current density.31 Combing the high 

ideality factor and the low EE, the InGaN red TJ LEDs suffer from an imperfect injection 

efficiency. Since InGaN red LEDs require a low growth temperature and exhibit a large lattice 

mismatch between InGaN and underlying GaN substrate, high dislocations densities and other 

crystalline defects would be presented in the active region. These defects could result in trap 

assisted transport into the active region by reducing injection efficiency.32 Non-idealized 

electron and hole transport at TJs heterointerfaces could be another cause for the low EE, since 

the V in our InGaN red TJ LEDs is still 0.7 V higher than that of InGaN red LEDs with 

ITO contact.12 Further optimization of TJs doping in p+GaN and n+GaN could reduce the 

voltage penalty and increase the EE.  

 

FIG. 16(a) Current density-forward voltage curve of InGaN red µLEDs with epitaxial TJ; (b) 

Electrical efficiency versus current density on log scale. 

 

Fig. 17(a) shows the output power and output power density versus current density. At 20 

A/cm2, the output power and output power density are 67 µW and 18.6 mW/mm2, 

respectively. The luminous flux measured in an integrating sphere increases linearly with 

current density, as presented in Fig. 17(b). At 20 A/cm2, the luminous flux is 0.025 lm. For a 
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proper comparison, the output power density is used to evaluate μLEDs brightness since there 

are various sizes of μLEDs reported in the literatures. As shown in Fig. 4(c), we compare the 

output power density at 1 A/cm2 of the InGaN red µLEDs in this work with the recent reports 

about both InGaN red µLEDs and AlInGaP red µLEDs.12, 14, 18, 21, 22, 24, 33, 34 The emission 

wavelength and the µLEDs sizes are labeled. In Ref. 21, the on-wafer output power density is 

estimated to be 0.035 mW/mm2 at 1 A/cm2 for ~660 nm 10×10 μm2 InGaN red µLEDs.21 In 

our InGaN red TJs µLEDs, the output power density reaches 0.7 mW/mm2 at 1 A/cm2, which 

is much higher than the previous AlInGaP red µLEDs and InGaN red µLEDs at the same 

current density. These results suggest excellent optical and electrical properties of our InGaN 

red µLEDs with epitaxial TJs contact.  

 

FIG. 17(a) Output power (blue line) and output power density (red line) at different current 

density; (b) Luminous flux versus current density; (c) Output power density (1 A/cm2) comparison 
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with other reports about InGaN red µLEDs and AlInGaP red µLEDs. The solid dots are values 

measured in the integrating sphere and the hollow dots are on-wafer testing values. 

 

Moreover, Fig. 18 shows the EQE versus current density at room temperature. The inset 

is the enlarged EQE curve at a low current density until 10 A/cm2. The peak EQE reaches as 

high as 4.5% at a low current density of ~1 A/cm2. The peak EQE is one order higher 

compared to the EQE reported in the literatures about InGaN red µLEDs by other groups (less 

than 1%).14, 18, 21, 22 It has been observed that the InGaN red TJ µLEDs show a higher peak 

EQE compared to the InGaN red ITO µLEDs with a peak EQE of 3.2% reported recently by 

our group.12 Similar significant improvement in the peak EQE of TJ µLEDs was observed by 

Wong et al,11 which is attributed to the better current spreading, less optical loss and higher 

light extraction by the SAG apertures.8, 26 The EQE reduces from 4.5% to 2% at a high current 

density of 100 A/cm2, which is potentially related to a high Auger nonradiative recombination, 

carrier leakage from the InGaN MQWs or reduced EE at a high current density. Noted that 

the EQE droop is accompanied with a strong blue-shift in peak wavelength. Also, the wall-

plug efficiency (WPE) versus current density in our InGaN TJ red µLEDs is shown in Fig. 

18(b). The peak WPE is 2.5% at ~1 A/cm2 and it reduces dramatically with increasing current 

density. Further studies need to be carried out to investigate the efficiency droop behavior in 

InGaN red LEDs. 
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FIG. 18(a) EQE and (b) WPE versus current density of the InGaN red TJ μLEDs 

measuring in an integrating sphere. The inset in 18(a) shows the enlarged EQE curve at a 

low current density. 
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In conclusion, we present 623 nm 60×60 μm2 InGaN red µLEDs with a high peak EQE of 

4.5% at 1A/cm2 using MOCVD grown TJs. The InGaN red TJ µLEDs show a much higher 

output power density of 0.7 mW/mm2 at 1 A/cm2 compared to the previous AlInGaP red 

µLEDs and InGaN red µLEDs. These results suggest promising full colors micro-display 

based on InGaN blue/green/red µLEDs. 
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5. Demonstration of Yellow (568 nm) Stimulated Emission from 

Optically Pumped InGaN/GaN Multi-Quantum Wells  
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Quantum well (QW) laser diodes (LDs) can be fabricated with a broad range of 

wavelengths, seamlessly spanning UV to mid-infrared depending on the choice of 

semiconductor material and structural design.1, 2 Specifically, GaAs-technology enables the 

commercialization of LDs with wavelengths covering 630 nm to 1350 nm,3, 4 whereas longer 

infrared wavelengths can also be accessed by InP and GaSb based structures.5-7 GaN-based 

visible LDs from blue to green (400-530 nm) are already commercially available,1, 8-12 yet 

reports about yellow semiconductor edge-emitting LDs are rare.13 Nearly all yellow laser 

technology has been based on frequency conversion,14 gas and ion lasers,15 and dye lasers,16 

all of which are bulky, costly, and tremendously inefficient. Despite the scarcity of available 

yellow laser sources on the market, there is a fast-growing need for applications in advanced 

fields of biology and astrophysics.17 Coherent and powerful yellow emission is an important 

component for use as a laser guiding star for astronomical observations.18 With a direct-

generation coherent yellow beam, quantum systems using heterogeneous integration of III-V 

LDs on silicon photonic platforms can be used to study photon entanglement,19 which has not 

yet been realized due to the size constraints of current nonlinear yellow lasers. 

Realizing high efficiency long-wavelength emission from InGaN QWs is still 

challenging, which can be obtained by increasing the indium composition in the InGaN QWs. 

20-24 Additional indium in the InGaN lattice, however, requires a lower growth temperature 

and thus degrades epitaxial quality and dramatically decreases the internal quantum efficiency 

(IQE).20 The large lattice mismatch between InGaN QWs and GaN also results in a large 

piezoelectric field and a low IQE due to the poor electron and hole wavefunctions overlap, 

e.g. quantum-confined Stark effect (QCSE).20, 21 The dispersion of GaN, InGaN and AlGaN 

materials has made it more challenging to achieve proper waveguiding and confinement of 
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the photons, which is crucial for stimulated emission. Previous reports have shown the 

thickness of AlGaN cladding for adequate mode confinement in InGaN yellow LDs is beyond 

the critical thickness, and novel structures have been proposed to mitigate this issue.25 For 

electrically pumped long-wavelength laser diodes, these challenges lead to a significant 

increase of threshold and prevent the lasing. In the optical pumping regime, however, issues 

such as carrier leakage and heat dissipation can be largely neglected and the optical gain from 

the material can be better exploited at a higher level.26 However, there have not yet been 

reports about optically pumped lasing from edge emitting InGaN/GaN QWs.  

In this study, we report a 568 nm yellow lasing from high crystal quality InGaN QWs 

grown on a bulk GaN substrate. Details of the materials growth, device fabrication, optically 

pumping experiment and lasing characterization are presented.   

The structure was grown on the c-plane bulk GaN substrate using atmospheric pressure 

metal organic chemical vapor deposition (MOCVD). Trimethylgallium (TMGa), 

triethylgallium (TEGa), trimethylaluminum (TMAl), trimethylindium (TMIn), 

bicyclopentadienyl (Cp2Mg), disilane (Si2H6), and ammonia (NH3) sources were used as 

precursors and dopants. The epitaxial structure consists of a 3 µm unintentionally doped (UID) 

GaN, a 1.5μm n-doped Al0.06Ga0.94N as bottom cladding layer grown at 960℃, a 20 period 

In0.12Ga0.88N/GaN (1.5 nm/3 nm) superlattice (SL) as bottom waveguiding layer grown at 

920℃, a 6 period In0.3Ga0.7N yellow QWs/AlGaN cap layers/GaN barriers (2 nm/2 nm/9 nm). 

The growth temperature of yellow QWs is 760°C. A 5 period In0.12Ga0.88N/GaN (1.5 nm /3 

nm) superlattice as part of the top waveguiding layer grown at 920℃, and a 10 nm UID GaN 

as the cap layer. Our group has previously reported green and amber/red LEDs or micro-LEDs 

using similar active region growth conditions with a high external quantum efficiency.22, 23  
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Due to the nature of optical pumping, scattering loss and back-reflection could be a 

major source of photon loss during the pumping process, and the smoothness of the epitaxial 

surface is therefore crucial. Atomic force microscope (AFM) scanning exhibits a smoothness 

of the epitaxial layer with a roughness of 0.3 nm on a 5×5 μm2 area as shown in Fig. 1(a). 

Cathodoluminescence (CL) was used to measure the Threading dislocation (TD) density of 

the InGaN/GaN MQWs as shown in Fig. 1(b). The TD density was estimated to be 

~5×107/cm2 by numerically counting the number of the black spots over a certain area, 

indicating a high crystal quality of InGaN/GaN MQWs. There still a lot of TDs generated 

during the epitaxy growth (bulk GaN has a TD of ~106 cm-2) due to a low growth temperature 

and lattice mismatch in the InGaN red MQWs. 

Due to the thickness limit of the high Al-content AlGaN layer that can be coherently 

grown on the GaN before relaxation occurs, it is not uncommon that in green or longer 

wavelength GaN LDs the optical mode is unsymmetrically skewed towards the substrate.26 

Such asymmetrical mode profile results in additional internal loss and lower modal gain due 

to weaker confinement. This issue would be exacerbated in the yellow (>560 nm) range due 

to the high dispersion of InGaN, which requires the top waveguiding layer to have near 10% 

Indium composition and a thickness of more than 30 nm. To achieve better confinement, one 

can either increase the thickness of the cladding layer and replace it with a lower refractive 

index material or increase the refractive index of the waveguiding layer. In our experiment, a 

quarter-wave dielectric layer of TiO2 on the top of the epitaxial growth was employed for 

symmetrical mode shaping. Compared with traditional epitaxial InGaN waveguiding and 

AlGaN cladding, the use of high refractive index of TiO2 (near 2.6 at 580 nm)27 on the top of 

active regions greatly improves the confinement in the vertical direction by attracting the 
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mode upward, although such structure will not be valid for electrical injection of LDs. To 

further examine the validity of such a structure, mode simulation was conducted using the 

FIMMWAVE software (Fig. 2). In the structure using TiO2 and Ta2O5, the center of the mode 

overlaps more with the active region.28 It is worth noting that TiO2 is also absorptive at the 

pumping wavelength (355 nm), yet when compared to high In-content InGaN, the absorption 

coefficient of TiO2 is still lower. As seen from Table I, compared with a traditional structure 

with AlGaN cladding and high In-content InGaN waveguiding, the combined use of Ta2O5 

and TiO2 layers can enhance the confinement factor by nearly 25% while keeping the internal 

loss and single pass absorption of the pumping source still at the same level.  

After the MOCVD growth, 38 nm Ta2O5 and 51 nm TiO2 was deposited as cladding 

and waveguiding layers on the sample by using Ion Beam Deposition (IBD). The optical 

thickness of the Ta2O5 was also chosen as a quarter of the pumping wavelength to reduce the 

back reflection of the pumping beam while the TiO2 thickness was determined to optimize the 

confinement factor and internal optical loss. Ridge patterns with different widths (20-50 μm) 

were formed by low power reactive ion etching to improve the sidewall profile and reduce 

potential scattering loss. After fabrication, the sample was polished to 75 μm and cleaved into 

bars of different lengths ranging from 1 to 2 mm along the m-direction, as shown in Fig. 3. 

The cleaved m-plane facet shows a smooth surface that can be directly used for laser mirror 

without any optimization. The cleaved samples were then bonded onto a copper heat sink for 

testing.  

The pumping source utilizes an EKSPLA PL2251 Series Nd:YAG pump laser with 

1064 nm as fundamental wavelength. The beam is first sent through a second harmonic crystal 

combining two photons of the fundamental source to produce a 532 nm laser beam. Then this 
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beam passes through a third harmonic crystal combining a 1064 nm and 532 nm pulse to 

produce the desired 355nm light output. The final pulse width is 30 ps firing at 10 Hz. Two 

355 nm dichroic mirrors are used to filter out any residual light at the pumping wavelength. 

Finally, the beam passes through a cylindrical lens, focusing the spot into a narrow line of 

approximately 100 µm width (Fig. 4). Before each measurement, a power meter is also used 

to monitor the actual energy per pulse. A spectrometer (OceanOptics 2000) and a multi-mode 

fiber was placed near the facet and aligned in parrel with the ridges for spectrum and power 

collection. 

Lasing action requires spontaneously emitted photons to be exponentially amplified 

by stimulated emission as they travel through the waveguide in the active medium, leading to 

a linear increase of the number of total photons. The generated photons are all coherent in 

space and frequency, and consequently, at the lasing threshold, an intense beam with spectral 

narrowing is expected from the facet of the device. The photon emission spectrum at room-

temperature with different pumping power densities is shown in Fig.5 (a). The peak emission 

wavelength was 568 nm with the spectral linewidth reducing from over 50 nm to less than 2 

nm at the measured pump-power of 1.5 MW/cm2. The amplified spontaneous emission occurs 

at the peak of the broad spontaneous emission spectrum. The optical output power as a 

function of pumping power density (L-I curve) is also shown in Fig. 5(b), which exhibits a 

distinct “kink” of slope near Pth of 1.25 MW/cm2. Above threshold, the power of stimulated 

emission increases linearly with the pumping power density and gradually saturates at higher 

pumping level. Even though in practice electrically injected LDs have broader applications 

and impacts, an optically pumped device is undoubtedly a good indicator that the material 
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quality is competent for future development and can be well regarded as a precursor to 

electrically injected LDs. 

To obtain a positive optical gain, Bernard-Duraffourg inversion condition must be 

satisfied. It is not only useful but also important to understand how the actual carrier density 

is correlated with the increasing pumping power density, as it will serve as a guidance for 

future design of electrically injected laser diodes. It has been observed that at the lasing 

threshold, the power density is 1.5 MW/cm2. During one-pass of transmission, the generation 

rate can be given as: 

𝐺 =
𝑃∗𝛼1∗(1−𝑒𝛼2𝐿)

ℎ𝜔𝑁𝑡
  (1) 

Where α1 is the percentage of the pump beam absorbed in the active region, α2 is the 

absorption coefficient of TiO2 at the emission wavelength, P is the pumping pulse peak power, 

t is the QW thickness and N is the total number of the QWs, ω is the emission wavelength. 

Considering that the incident 355 nm light has the photon energy very close to the band gap 

of GaN, the generation rate during the pulse in the six QWs (2 nm each) is 6×1029 cm−3 s−1. 

Knowing the generation rate, the carrier density can be determined from the carrier lifetime 

and more specifically, the relation between the generation rate and carrier density (n) under a 

steady pumping can be given as:  

𝑛 =  𝐺 𝜏 (1 − 𝑒−𝑇/𝜏)  (2) 

where τ is the carrier lifetime and T is the pulse width. Note that this correlation is only 

valid when the carrier lifetimes are longer than the pulse width. Under low level 

photoluminescence measurements, the carrier lifetime is often assumed be a few hundred ps, 

which is much longer as the pumping pulse used in this experiment. Carrier lifetimes, 

however, can also be significantly affected by the high-level pumping environment and 
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apparently the pumping densities used here are orders of magnitude higher than in the previous 

photoluminescence measurements. Such effect could lead to a pronounced gain saturation and 

that might account for output power saturation in Fig. 5(b). Unfortunately, there is yet no good 

quantitative consensus on the carrier lifetime dependence on the pumping level in InGaN 

QWs. The carrier lifetime in the InGaN red MQWs is assumed to be higher than 2 ns29, 30, 31 

and then we can estimate the threshold carrier density in the QWs is over 3.9×1019 cm-2 per 

QW. This value is close to the previously reported transparency carrier densities in InGaN 

blue and green lasers as well as the condition to reach Mott transition of the excitons into 

electron-hole plasma.28 It is thus likely that similar QW structure can be electrically injected 

to the lasing level if the injection efficiency is high and carrier leakage is circumvented.  

To further confirm the lasing, the polarization of the emission was investigated and 

measured. Based on the simulation, the fundamental mode is always transverse electric (TE) 

polarized due to its apparent lower optical loss, whose direction is pinned along the direction 

of the stripe (m-plane). The degree of polarization is given as (Imax − Imin)/(Imax + Imin), where 

Imax is the maximum and Imin the minimum optical intensity, and can be measured by adding 

a polarizer to the collection beam path and varying the polarizer angle. The transverse electric 

(TE) and transverse magnetic (TM) emission spectra from the cleaved laser bar operating 

above threshold are shown in Figure 6. We observe that the stimulated emission is strongly 

TE polarized with the degree of polarization (P), over 90%.12 It is also noted that the TE mode 

emission shows multiple peaks in the spectrum, which was also reported in GaN UV optically 

pumped multi-mode lasing and explained by the strain in the InGaN layer.32 

In conclusion, we have successfully demonstrated yellow stimulated emission from an 

optically pumped InGaN edge-emitting laser structure at room temperature. This result 
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demonstrates high crystal quality yellow InGaN/GaN MQWs and shows great promise 

towards the realization of electrically injected yellow InGaN laser diodes. 
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Appendix  

Lateral µLED of different sizes - Process Flow 

 

Process Notes (for c-plane GaN) 

Remove 
Indium 

Acid Bench 

3:1 HCl:HN03 Aqua Regia, 
3 x 10min, mix new batch 
each iteration, wait 5min for 
boiling, 120oC on hotplate 
(color will change to 
orange-brown) 

 

ITO 
Deposition 

Solvent Bench 
3 min Ace, 2 min Iso, 1 min 
DI, N2 dry (sonicate on 
high) 

 

Acid Bench 
40s dilute HCl (1:1 
HCl:water) 

 

E-Beam #2 

Load samples and silicon 
monitor onto clean carrier 
wafer. Heat to 680ºC 
(actual temperature is 
290ºC). Deposit at 0.5•Å/s 
for ~110 nm.  

For blue, deposit 110 nm. 
For green, deposit 220 nm. 

Ellipsometer 
Check silicon monitor for 
thickness 

ITO Etch and 
Mesa 1 Etch 

Litho 

Solvent bench 
3 min Ace, 2 min Iso, 1 min 
DI, N2 dry (sonicate on 
high) 

 
Mask 1: p-contact and Mesa 1 

 
Mask dimensions: x: 5.25mm, y: 

5.25mm 
 

If necessary, use SPR220-7.0, 3.5 
krpm, 10 krpm/s, 45 sec 

Softbake at 115C for 2 min 
Expose for 1.35s, focus offset = -1 
WAIT 40 MINUTES for sample to 

outgas 
Post-exposure bake at 50C for 1 min, 

115 C for 90s 
Develop in 726MIF for 1'45" to 2" 

2 min DI rinse flowing, N2 dry 

PR Bench 

Dehydration bake, 2min 
110C, let cool 1min 

Spin SPR220-3.0, 3000 
rpm, 10 krpm/s, 30 sec 

Clean backside with EBR 
100 

Softbake, 110C 90 
seconds 

Stepper #2 
(GCA Autostep 

200) 

Load mask #1 - "Lateral 
uLED Size Comparison - 
common contacts v5" 

Load sample onto 2" 500 
µm chuck with 130 µm 
shim 

Run "EX ULEDV3" Pass: 
MESA1 

Expose for 0.6s, Focus 
offset =0 

 Post-exposure bake at 
110ºC for 60s 
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Develop 
Bench 

Develop in 726MIF for 60 
seconds 

2min DI rinse flowing, N2 
dry 

Microscope 
Inspect, develop more if 
necessary 

UV Ozone 20min (~6A/min) 

ITO Etch 

RIE#2 

Vent, use an Iso soaked 
wipe to clean chamber 
walls, top plate and platen 

No sample in the chamber (blue 
plasma) 

Pump down the chamber 
(DO NOT load samples) 

M: Methane, H: Hydrogen, A: Argon 
(pink plasma) 

O2 clean - 30 min: 20 sccm 
O2, 125 mT, 500 V 

Check water level (T=50-60º); 
Increase mannual pressure to 1.18 

Fore line off (down) THEN turn rough 
on (do not have both on together 

ever); wait below 80 mtorr; rough off, 
foreline on, HVAC on. Turn on IG1 and 

wait until <3E-5 

MHA coat - 20 min: 4/20/10 
sccm M/H/A, 75 mT, 500 V 

Vent, load samples 

MHA etch - 5 min: 4/20/10 
sccm M/H/A, 75 mT, 350 V 

The following is for etching 110 nm of 
ITO. 

MHA etch = 8 min (17 nm/min, 20% 
overetch), ~136 nm: 4/20/10 sccm 

M/H/A, 75 mT, 350V 
Sample in chamber, (~17.2 nm/min) 

O2 descum - 50sec, 20 
sccm, 125 mTorr, 170 V 

MHA etch - 3 min: 4/20/10 
sccm M/H/A, 75 mT, 350 V 

O2 in situ descum - 10 min: 
20 sccm O2, 125 mT, 300 
V 

Dektak/Ellips. 
Check silicon monitor to 
make sure ITO is 
completely etched 

 

Mesa 1 Etch 

RIE#5 

Load bare RIE wafer for 
chamber prep: yonkee01 

O2 clean, BCl3 coat, SiCl4 prep 

Load samples on RIE wafer 
(no oil) for etch: yonkee02 

SiCl4 etch, Etch rate = 30 nm/min 
(very repeatable) 

Dip samples in water 
immediately after etch 

 

 Soak sample in DI for 2min, 
N2 dry 

 

FL µscope 

Check that the emission in 
the field is a different color 
than emission in mesas (to 
ensure AR is etched) 

 

Solvent Bench 

Strip PR in NMP, 80C, 
10+min, ultrasonicate 
before submerging sample 

 

2min Iso, 3x 30s DI 
Dump&Rinse, N2 dry 

 

HF Bench BHF dip for 1'? 

to remove GaN redep; both heated 
substrate and RT+anneal ebeam ITO are 
very resistant to BHF 



 

 112 

Dektak/SEM 
Measure step height 1-2 
points per sample 

 

ODR Litho 

Solvent Bench 
3min Ace, 3min Iso, 3x 30s 
DI Dump&Rinse, N2 dry 

Do not pattern silicon monitor; maybe 
use the n-contact PR 

For positive resist: Spin LOL2000, 
2krpm, 10krpm/s, 30s (~250 nm thick).  

Clean backside of sample with 
EBR100.  

Bake on hotplate at 210 C for 5 min, 
let cool for 2 min  

Spin 955CM-1.8, 3krpm, 10krpm/s, 
30s (~1.8 µm thick)  

Clean backside of sample with 
EBR100 Edge Bead removal 

Softbake, 95C 90s, Expose 0.75s, -1 
offset, Hardbake 110C  

90s Develop in 726MIF 75s (~15 nm/s 
undercut after 45 s), water flush 

PR Bench 

Dehydration Bake, 2min 
110C, let cool 1min 

Spin nLOF2020, 3krpm, 
10krpm/s, 30s 

Clean backside of sample 
with EBR100 

Softbake, 110C 90s 

Stepper #2 
(GCA Autostep 

200) 

Load mask #2 - "Lateral 
uLED Size Comparison - 
common contacts v5" 

Load sample onto 2" 500 
µm chuck with 130 µm 
shim 

Run "EX ULEDV3" 

Pass: nLOF 

Expose 0.5s, -6 offset 

PR Bench Hardbake 110C 90s 

Develop 
Bench 

Develop in 300MIF 60s, 
water flush 

 

Microscope 
Inspect (verify 0.3-0.5 µm 
undercut on LOL2000), 
develop more if necessary 

 

UV Ozone 
20min (~6A/min) (on 
VCSELs and Si monitor) 

 

Dektak Optional Inspection  

ODR Dep 

IBD 

Vent MiniLoader (loadlock) 

Before depositing the dielectric stack on 
your sample, do a calibration run with a 
piece of silicon. You may either run 
"12_AM_Cal_3_layer" and do ellipsometry 
using Asad's model or run 3 individual 
recipes depositing Si, Ta, and Al separately 
on 3 pieces of silicon 
 
12-Nakamura, password = nitrides 

Open door. Load sample 
and stage. 

Pump down. Wait for a few 
minutes to get below 5E-6 

Open "12_BY_7_layer" 
recipe 

Process 

PR Bench 

Strip PR in NMP, 80C, 
10+min, ultrasonicate 
before submerging sample 
then spray with pipette 

2min Iso, 3x 30s DI 
Dump&Rinse, N2 dry 

Sidewall 
passivation 

Solvent Bench 
3min Ace, 3min Iso, 3x 30s 
DI Dump&Rinse, N2 dry  

ALD DEPOSIT 50nm SiO2 

Common 
contacts 

Litho 

Solvent Bench 
3min Ace, 3min Iso, 3x 30s 
DI Dump&Rinse, N2 dry 

 

PR Bench 
Dehydration Bake, 2min 
110C, let cool 1min 
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Spin nLOF2020, 3krpm, 
10krpm/s, 30s 

 

Clean backside of sample 
with EBR100 

 

Softbake, 110C 90s  

Stepper #2 
(GCA Autostep 

200) 

Load mask #3 - "Lateral 
uLED Size Comparison - 
common contacts v5" 

 

Load sample onto 2" 500 
µm chuck with 130 µm 
shim 

 

Run "EX ULEDV3"  

Pass: nLOF  

Expose 0.5s, -6 offset  

PR Bench Hardbake 110C 90s  

Develop 
Bench 

Develop in 300MIF 60s, 
water flush 

 

Microscope 
Inspect, develop more if 
necessary 

 

UV Ozone 20min (~6A/min)  

Dektak Optional Inspection  

n-contact 
Deposition 

Acid bench 40s concentrated HCl 
 

E-beam 4 
Deposit 700 nm Al / 100 nm 
Ni / 700 nm Au 

n-contact 
Liftoff 

Solvent Bench 

Liftoff in 1165, 80C, 
10+min, spray with pipette, 
use heated bath, no 
ultrasonication 

DO NOT ULTRASONICATE ON HIGH 
AFTER METAL DEPOSITION 

If sonication is used, use the low 
setting with the minimum intensity and 

frequency 

2min Iso, 2min DI rinse 
flowing, N2 dry 

Microscope 
Inspect, liftoff more if 
necessary 

Dektak Optional Inspection 

 

 

 

 




