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Abstract - Temperature dependent light-emitting and current-voltage characteristics of multi-quantum well (MQW) 

InGaN/GaN LEDs in different colors were measured for temperature ranging from 100 to 500 K. The measurement results 

revealed that it is favorable to operate the LED at as low temperature as possible. The LEDs would produce stronger light 

intensity at smaller biasing current at lower temperature. However, for LEDs with different colors, the temperature 

dependence of the biasing current, light intensity and light chromatics are quite complicated and they are governed by the 

band gap and defect levels of the devices. These observations should have valuable technical impact for better designs and 

applications of color LED display panels. 
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I. INTRODUCTION 

 

With the significant advancement on the bandgap 

engineering of Gallium Nitride (GaN) quantum well 

structure, GaN based light-emitting diodes (LEDs) 

have widespread applications in our daily life as 

lamps, traffic signals, backlights for LCD display 

panels, decoration lighting, and as active pixels for 

high-intensity full-color display panels. Indeed, LEDs 

have the ever highest quantum efficiencies, widest 

color range, lowest heat dissipation, longest operation 

lifetime than the previous forms of light sources or 

displays [1-2]. However, it still encounters  shorten 

lifetime and color shift due to some dark-spots, or 

point defects [4-5], as well as the electro-migration 

effect of contact metal [6-8]. Color distortion, early 

failure and dead spots can always found in the LED 

color display panel. For lighting applications, it was 

found that the temperature of LED lamp can be easily 

increased to over 70 oC when the lamp was place in a 

semi-enclosed chamber or with poor ventilation 

conditions [9]. Under this situation, the characteristics 

and lifetime can be significantly degraded [2-3]. In 

this work, we present a comprehensive study on the 

thermal reliability of various color LEDs so as to 

disclose the reliability issues, the degradation 

mechanisms, and the possibility for prolonging the 

lifetime of LED color display panel and color lighting 

decoration systems. 

 

II. EXPERIMENTAL 

 

Four different colors LEDs were used in this 

investigation. The devices were provided by an LED 

manufacture and the device structures and fabrication 

processes were similar to those reported by many 

others for commercial GaN LED [1, 2]. As shown in 

Fig.1, the starting material was a sapphire substrate, a 

low-temperature GaN buffer layer was first grown by 

using metal-organic chemical vapor deposition 

(MOCVD), followed by a Si-doped n-type GaN layer 

with a dopant concentration of about 1018 cm-3. The 

light emitting active region was formed by MOCVD 

growth of GaN/InGaN multiple quantum well (MQW) 

with different indium mole fraction for different 

colors. On top of the MQW is a Si-doped AlGaN 

cladding layer and the p-region was formed by Mg-

doped, with dopant concentration of 1017 cm-3, GaN 

layer. Mesas isolation was formed by plasma etching 

and the sidewalls were protected by a thick oxide 

layer. Finally thin Ni/Au ohmic contacts were formed 

using electron beam evaporation. The contact to p-

GaN is a semitransparent 10 nm thick layer (Ti 5 

nm+Au 5 nm).  

 

 
(a)                                                                                 (b) 

Fig. 1. (a) Cross-sectional view of the device structure; and (b) typical light emitting spectra of different color LEDs measured from 

the samples used in this investigation. 
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On wafer temperature-dependent current-voltage (I-V) 

characteristics measurements were conducted using a 

Keithley 236 source–measurement unit (SMU). The 

sample was placed in a Biorad 4600 temperature 

control system where the ambient temperature can be 

precisely controlled within the range of 100 to 500 K 

with 1 k accuracy. The light intensity was measured, 

by biasing the LED at a constant current of 100 mA, 

with a compact monochromator CM110 from 

Spectral Products.  

 

III. RESULTS AND DISCUSSION 

 

Figure 2 plots the forward current-voltage (I-V) 

characteristics as a function of ambient temperature 

ranging from 100 to 500 K in semi-logarithmic scale. 

In general, the I–V curve shifts up and the turn-on 

voltage (the minimum applied voltage for causing 

electroluminescence to occur) decreases as the 

temperature increases. The low current level at low 

temperatures can be partially explained by the 

freezing of the Mg acceptors and Si donors. It was 

estimated that only 0.25% of Mg can be ionized at 

150 K. At temperature above 300 K, almost of all 

acceptors are ionized [10]. For purple LED (see 

Fig.2(a)), an obvious I-V plateaus was found for 

temperature of 450 K. The current level was 

enhanced by several order of magnitudes.  I-V 

plateaus were also found in metal/GaN Schottky 

diodes [11-12]. The plateau region in the GaN 

Schottky diode was attributed to the thin surface layer 

at the metal/GaN interface or due to the lateral 

inhomogeneity of the Schottky barrier height. 

However, by both theory could not explain why the 

plateau is found at low temperatures (< 150 K) only. 

We suggest that the plateau should be due to the 

charge trapping in some shallow traps, which is more 

significant at low temperatures [2, 13]. The shallow 

traps can be considered as the freezing nitrogen 

vacancies or the oxygen in the nitrogen sites, which 

behave as donor states near the conduction band edge 

of GaN [14]. For green, yellow and red LED, no 

plateau was observed at the low temperature I-V 

characteristics. The increase of current level can be 

readily explained with the enhancement of carrier 

ionization, mobility, and also the thermal induced 

bandgap narrowing.    

 

Figure 3 shows the temperature dependent light 

emission spectra for the four LEDs in different colors. 

The purple LED shows a clearly separated two 

luminescent bands corresponding to red and blue 

luminescence and the light intensity is the lowest at 

100 K. Both red and blue components increase with 

the temperature and reach maximum at 250 K then 

they drop gradually when heating towards 500 K. The 

reduction of light intensity and current density at low 

temperatures can be explained by the carrier freezing 

effect. This carrier freezing effect results in the 

reduction of free carrier concentration and hence the 

current density. However, for green, yellow, and red 

LEDs, the strongest light emitting occurred at 100 K 

and it indicates that carrier freezing effect in the light-

emitting in these LEDs apparently were not very 

significant which is not agreed with the conclusion 

drawn from the I-V characteristics. The luminescent 

peaks shifted to lower energy (longer wavelength) 

side as the temperature increases. That is more 

obvious for yellow LED. The yellow LED has a 

broader spectrum also. The peak shift implies the 

bandgap variations of the MQWs. The light intensity 

decreases as the temperature rises and it also has 

correlation with the increase of forward current level 

as given in Fig.2. These phenomena together with red 

shift of luminescent peaks at higher temperatures 

unambiguously point to  physics related to the 

bandgap narrowing at high temperature. That is, the 

temperature induced bandgap narrowing is more 

significant than carrier freezing effect in general 

although additional red shift may be produced by the 

carrier relaxation into localized states of lower energy 

[10].  Hence, although low-temperature may cause 

carrier freezing effects, maintaining low temperature 

operation is still favorable as it leads to a better 

quantum efficiency for light emission. 

 

 

 
                                       (a)                                                                                         (b)  
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(c)       (d) 

Fig. 2. Forward current-voltage characteristics of: (a) purple, (b) green, (c) yellow, and (d) red GaN diode as a function of ambient 

temperature. 

 

 
                                     (a)                                                                        (b) 

 
                                     (c)                                                                      (d) 

Fig. 3. Electroluminescence spectrum of different LEDs forwardly-biased at 100 mA: (a) purple; and (b) green; (c) yellow; and (d) 

red sample.  

 

IV. CONCLUSION 

 

Temperature-dependent light-emitting and current-

voltage characteristics of color InGaN/GaN LEDs 

were investigated in detail. The temperature 

dependence on the biasing current, light intensity and 

light chromatics are different for different color LEDs 

which should arise from the different bandgap related 

parameters and defect levels of these devices. 

However, it is obvious that the LEDs should be 

operated at lower temperature which favor a stronger 

light intensity at a smaller biasing current. For full-
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color display panel applications, it is a challenging 

issue as the temperature-induced light intensity 

degradation and light spectrum shift are different for 

LEDs with different colors and that will cause serious 

color distortion and non-uniform brightness in the 

display at different temperatures. 
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