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Abstract: We investigated the electrical and optical performances of semipolar (11-22) 
InGaN green µLEDs with a size ranging from 20 × 20 µm2 to 100 × 100 µm2, grown on a low 
defect density and large area (11-22) GaN template on patterned sapphire substrate. Atom 
probe tomography (APT) gave insights on quantum wells (QWs) thickness and indium 
composition and indicated that no indium clusters were observed in the QWs. The µLEDs 
showed a small wavelength blueshift of 5 nm, as the current density increased from 5 to 90 
A/cm2 and exhibited a size-independent EQE of 2% by sidewall passivation using atomic-
layer deposition, followed by an extremely low leakage current of ~0.1 nA at −5 V. 
Moreover, optical polarization behavior with a polarization ratio of 40% was observed. This 
work demonstrated long-wavelength µLEDs fabricated on semipolar GaN grown on foreign 
substrate, which are applicable for a variety of display applications at a low cost. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

III-nitride based micro-light-emitting-diodes (µLEDs) are promising candidate for next-
generation display applications, including near-eye displays and head-up displays. µLEDs 
offer advantages in high brightness, long operating lifespan, chemical robustness, and high 
luminous efficiency, compared to the current display technologies [1–3]. For high-resolution 
display applications that require ultra-small µLEDs, utilizing phosphor-free red, green and 
blue µLEDs is desired. Although high performance c-plane µLEDs have been developed and 
demonstrated [4–6], those LEDs experience a large blue-shift in wavelength with increasing 
current [7,8], which can be problematic for any display applications. The significant blue-
shift in wavelength in conventional c-plane LEDs is due to the quantum confined Stark effect 
(QCSE), which corresponds to a high built-in electric fields in the c-plane direction [9–12]. 
One alternative approach is to employ LEDs grown on semipolar or nonpolar crystallographic 
orientations to alleviate or eliminate the influences of the QCSE. Semipolar LEDs also have 
several advantages such as low efficiency droop, high indium incorporation for long-
wavelength emission and polarized light emission, which are beneficial for a variety of 
display applications [12–17]. Efficient semipolar LEDs on bulk GaN have been 
demonstrated, however, the use of semipolar bulk GaN substrates for µLED production 
remains impractical, since the substrates are too expensive and only commercially available 
in small area, while an enormous number of µLEDs is needed for display applications. On the 
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other hand, typical semipolar GaN materials grown on foreign substrates suffer from high 
density of basal stacking faults (BSFs) and other threading dislocations (TDs), which results 
in poor performance and low efficiency of the devices. Only a few groups have reported the 
efficient semipolar LEDs grown on foreign substrate. In our previous studies, we show that 
efficient long-wavelength semipolar (11-22) LEDs can be obtained by growing on low defect 
density and large area (11-22) GaN/sapphire template [18]. 

In this work, we investigated the electrical and optical properties of 520 nm semipolar 
(11-22) InGaN µLEDs with size ranging from 20 × 20 µm2 to 100 × 100 µm2, fabricated on 
low defect density and large area (11-22) GaN grown on sapphire substrate. To our 
knowledge, this is the first comprehensive study on the optical and electrical performances of 
efficient semipolar green µLEDs fabricated on foreign substrate. Structural characterization 
by atom probe tomography (APT) was carried out to investigate the grown materials 
microstructures. 

2. Experimental 

The LEDs were grown on a 2-inch (11-22) GaN/sapphire template by metal-organic chemical 
vapor deposition (MOCVD) at atmospheric pressure. Trimethylgallium (TMG), 
triethylgallium (TEG), trimethylindium (TMI), Trimethylaluminum (TMA), ammonia (NH3), 
disilane (Si2H6), and magnesium (Cp2Mg) were used as precursors and dopants. The growth 
and preparation details of the template have been reported elsewhere, which involved with a 
3-step growth process on patterned r-plane sapphire substrates [18,19]. The semipolar (11-22) 
GaN/sapphire template was chemo-mechanically polished before the growth of the LEDs 
structure. Figure 1(a) is a 2 × 2 μm2 atomic force microscopy (AFM) image of the semipoalr 
GaN/sapphire template, which shows a surface roughness of 0.1 nm. The X-ray diffraction 
(XRD) measurements (not presented here) show a full width at half maximum (FWHM) of 
302 and 353 arcsec along [1-100] and [-1-123] direction, respectively, suggesting a high 
crystal quality of the semipolar (11-22) GaN/sapphire template. The final TDs density of the 
semipolar GaN/sapphire template is around 5 × 107 cm−2 with an BSFs density estimated to 
be around 0-70 cm−1. The LEDs epitaxial structure consists of a 2.5-µm n-type GaN with Si 
concentration of 7 × 1018 cm−3, a 150-nm In0.03Ga0.97N strain-relaxed layer, 3 pairs 
InGaN/GaN multiple quantum wells (MQWs), a 15-nm p-type AlGaN electron-blocking 
layer (EBL), a 120-nm p-type GaN and a 15-nm p + GaN. The µLEDs were fabricated in 
squares with the edge length ranging from 20, 40, 60, 80, and 100 µm [4–6]. First, 110-nm 
indium-tin oxide (ITO) was deposited as a transparent and ohmic p-contact layer using 
electron-beam evaporation. The µLED mesas were defined using etching to the n-GaN layer 
using silicon tetrachloride in a reactive-ion etching (RIE) chamber. An omnidirectional 
reflector (ODR) consists of silicon dioxide and tantalum pentoxide, followed by aluminum 
oxide as the capping layer. 50-nm of silicon dioxide was blanket deposited by atomic-layer 
deposition (ALD) as a sidewall passivation layer, and buffered hydrofluoric acid was used to 
open a window for metal deposition [6]. A common metal contact consists of Al/Ni/Au 
(700/100/700 nm) was deposited using electron-beam evaporation. Finally, the µLEDs were 
diced, packaged onto silver headers, encapsulated using Dow Corning OE-6650 resin with a 
refractive index of 1.54, and measured in a calibrated integrating sphere. 
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In conclusion, we demonstrate the semipolar (11-22) green µLEDs grown on low defect 
density semipolar (11-22) GaN/sapphire template. The µLEDs show a small blue-shift of 5 
nm from 5 to 90 A/cm2 and a high optical polarization ratio of 40%. Also, the µLEDs exhibit 
size-independent peak EQE of 2%. With further improvements in the materials quality, 
epitaxial structure and fabrication process, long-wavelength semipolar µLEDs fabricated on 
high quality, large area and low cost GaN/sapphire template is a promising candidate for 
µLED display applications due to the advantages such as size-independent EQE, extremely 
low leakage current, small wavelength blue-shift, low efficiency droop and high polarization 
ratio. 
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