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ABSTRACT  

In InGaN/GaN blue light-emitting diodes (LEDs) widely utilized for general lighting, there exist various material issues 
that lead to the unwanted nonradiative recombination. In this paper, we utilize various characterization techniques to 
investigate the nonradiative recombination mechanisms in LED devices. With the characterization techniques such as 
temperature-dependent external quantum efficiency, current-voltage, and electroluminescence spectra, we show that 
different nonradiative recombination processes such as the Shockley-Read-Hall recombination and the defect-assisted 
tunneling can play roles in the LED devices. Information on the dominant nonradiative recombination obtained by these 
analyses can be used for further improving the quantum efficiency of the device. 
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 1. INTRODUCTION  
Blue light-emitting diodes (LEDs) based on InGaN/GaN quantum wells (QWs) and grown on sapphire substrates have 
become the key components for the modern general lighting technology. Combined with yellow phosphor, highly 
efficient white light sources can be realized and currently LED lamp units in various form factors are commercially 
available. To further reduce the production cost, however, the industry still needs to enhance the light output power by 
improving the device characteristics. Although there has been a tremendous increase in light output power from GaN 
LEDs in the past decades, there still exists an issue in LED efficiency at high injection currents, typically referred to as 
the efficiency droop.1 Since the LEDs grown on sapphire substrates are based on heteroepitaxy of materials with 
different lattice constants, a lot of defects are generated during the growth by the metalorganic chemical vapor 
deposition.2 Moreover, the indium atoms incorporated in the well to reduce the bandgap energy to blue or green 
spectrum cause various detrimental effects, including the piezoelectric field that decreases the overlap integral of the 
electron-hole wavefunctions and the reduced effective active volume.3-5 These material-related issues are considered 
coupled and interrelated with each other and complicate the analysis. It is generally believed that a complete 
understanding of the GaN-based LEDs is yet to be achieved.  

2. RECOMBINATION MECHANISMS IN GAN LEDS 
While the radiative recombination is the desired mechanism for the carrier recombination at the active region, there are 
different kinds of nonradiative recombination mechanisms that are closely related to defects in the crystal. The Auger 
nonradiative recombination is unique in that it is inherent even in perfect crystals, but as there are still controversies in 
the actual amount of Auger recombination coefficient in wide bandgap GaN, we mostly focus on the Shockley-Read-
Hall (SRH) and defect-assisted tunneling in this paper.6-8  

Figure 1 depicts the various carrier recombination mechanisms in InGaN/GaN LEDs. For simplicity, we just show a 
single InGaN QW layer. In actuality, multiple-quantum-well (MQW) structures are most commonly utilized in the high-
efficiency LEDs. Other than the desired radiative recombination in the active QW, various recombinations can occur 
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both inside and outside the active QW. We believe that the defects play a significant role in nonradiative recombinations, 
both in SRH and tunneling. Due to the limited effective active volume, it is considered that the radiative recombination 
becomes saturated and induces the overflow or tunneling of electrons from the active QW to the p-(Al)GaN clad 
layer.5,7,8 The overflown electrons would recombine mostly nonradiatively there. The electrons injected to the defect 
states in the p-(Al)GaN layer by the direct tunneling from the active QW would also recombine nonradiatively. Due to 
various conditions under which the epitaxial layers are grown in different reactor types, the grown LED samples are 
prone to have their unique characteristics related to the crystallographic conditions. In this paper, we attempt to 
demonstrate how one can obtain useful information on the dominant nonradiative recombination mechanisms by using 
various electrical and optoelectronic characterization techniques. 

 

 
Figure 1. Schematic diagram showing various recombination mechanisms in InGaN/GaN LEDs. Electrons are believed to 
start overflowing to the p-(Al)GaN clad layer beyond a moderate current density such as a few A/cm2 due to the saturation 
of the radiative recombination rate.  

3. TEMPERATURE-DEPENDENT EXPERIMENTS 
We take one LED sample to show the temperature-dependent electroluminescence (TDEL) behavior. In Fig. 2, it is seen 
that the external quantum efficiency (EQE), obtained from the output power vs. current, shows initial increase as the 
temperature is lowered from 300 to 200 K. This behavior is typically understood as the reduced SRH recombination 
caused by the freeze-out of defects (mostly point defects). As the temperature is decreased further to 100 and 50 K, the 
EQE peak is seen to decrease while the EQE values at very low current densities (< 10-2 A/cm2) still increase. At ~10-4 
A/cm2, the EQE increases noticeably, indicating the point emissions via defect sites (threading dislocations). The 
temperature-dependent behavior shown in Fig. 2 is not the ideal one: it is typically assumed that the EQE monotonically 
increases as the temperature is lowered.  

From the temperature-dependent spectra shown in Fig. 3, no emissions around ~400 nm are observed. For samples with 
significant electron overflow to p-(Al)GaN, emissions around ~400 nm are typically observed,5 caused by defect levels 
related with Mg impurities. In the case of sample under consideration, it is caused by defect-assisted tunneling.  

The fact that the defect-assisted tunneling is the dominant nonradiative recombination mechanism is confirmed by 
examining the temperature-dependent current-voltage characteristics. From the experiments, it has been found that the 
current I as a function of temperature T follows the functional relation shown below: 
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which is the well-known relationship for the defect-assisted tunneling (sometimes known as variable-range hopping).10  
Here, the hoping occurs between the defect states in p-GaN, which are considered to be mostly the threading dislocations.  

 
Figure 2. EQE as a function of injection current density at different temperatures. The increase in EQE at very low current 
densities (~10-4 A/cm2) under 50 and 100 K indicate the tunneling leakage.  

 

 
Figure 3. EL spectrum at various temperatures. No Mg-related peak (~400 nm) is observed even at cryogenic temperatures, 
indicating small degree of current overflow to p-(Al)GaN. Most of the carrier leakage linked to the nonradiative 
recombination is believed to occur by tunneling.  
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4. SUMMARY 
In this paper, we have investigated the nonradiative recombination mechanisms in InGaN/GaN LEDs by using various 
characterization techniques, especially temperature-dependent EQE and EL spectrum. We have seen how different types 
of defects in InGaN/GaN LEDs can have different influences on device performances and induce nonradiative 
recombinations. Depending on defect types, point defects or threading dislocations, the device characteristics can be 
significantly different as the temperature is lowered to cryogenic regions. In particular, it has been argued that threading 
dislocations are the main sources for defect-assisted tunneling in the sample examined. Even though the device 
characteristics are averaged parameters, one can still get very useful information on the defect types and associated 
nonradiative recombinations. 
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