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ABSTRACT   

The efficiency droop in InGaN-based 380nm UV light emitting device (LED) with n-GaN and n-AlGaN underlayer 
grown on sapphire substrate by metal-organic chemical vapor deposition (MOCVD) was investigated. From simulation 
result of high resolution x-ray diffraction (HRXRD) ω-2θ curve by using dynamical diffraction theory, the Al 
composition in the n-AlGaN layer was determined to be about 3%. The experimental results of temperature dependent 
photoluminescence (PL) demonstrated that the internal quantum efficiency (IQE) of n-GaN and n-AlGaN UV-LEDs are 
43% and 39%, respectively, which are corresponding to an injected carrier density of 8.5 × 1017 #/cm3. It could be 
explained that the crystal quality of n-GaN is better than of n-AlGaN. In addition, the observation of pit density from 
atomic force microscopy (AFM) surface morphology is consistent with the interpretation. It was well-known that the pits 
appearing on the surface in the virtue of the threading dislocations. Thus, it means that defects induce the non-radiative 
centers and deteriorate the IQE of the UV-LED with n-AlGaN underlayer. Therefore, the light output power of n-GaN 
UV-LED is slightly higher below the forward current of 250 mA. Nevertheless, the output power was enhanced about 
22% as the injection current was increased to 600 mA. Furthermore, the external quantum efficiency (EQE) of n-AlGaN 
UV-LED was nearly retained at the 600 mA (only 20% droop), whereas the UV-LED with n-GaN exhibits as high as 
33%. We attributed this improvement to the less self-absoption by replacing n-GaN underlayer with n-AlGaN.  
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1. INTRODUCTION  
Recently, the GaN-based ultraviolet light emitting diodes (UV-LEDs) have been focused on as one of the most important 
targets for the pumping source to develop white-light LEDs. However, it is difficult to fabricate near-UV LEDs with 
high efficiency, because the external quantum efficiency (EQE) decreases drastically below the wavelength of 400 nm 
[1]. This is due to the smaller InN mole fluctuation with reduced indium composition in the near-UV quantum wells 
(QWs), and thus less localized energy states lead to lower efficiency of the near-UV LEDs [2, 3]. Moreover, crystalline 
quality and light absorption of GaN are significant for short wavelength near-UV LEDs [4, 5]. Besides, most of the light 
will be trapped inside the GaN-based LED, resulting in the low light extraction efficiency [6]. Once the light trapped 
inside, the LED will be reabsorbed eventually. On the other hand, the junction temperature, the temperature of the active 
region, is a critical parameter and affects quantum efficiency of device, maximum output power, reliability, and other 
parameters. In general, heat can be generated in the ohmic contact, cladding layers, and the non-radiative recombination 
in the active region [7]. In this study, we proposed to remove the conventional n-type GaN below InGaN multi-quantum-
wells (MQWs) and replaced it with an n-type Al0.03Ga0.97N to improve the optical performance in the UV GaN LEDs. 
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2. EXPERIMENT 
The samples in this study were grown on c-plane 2” sapphire substrates by using an atmospheric-pressure metal organic 
chemical vapor deposition (AP-MOCVD SR4000) system. The metalorganic compounds of trimethylgallium, 
trimethylaluminum, trimethylindium and ammonia (NH3) were employed as the reactant source ma-terials for Ga, Al, 
In, and N, respectively. Silane and bis-cyclopentadienyl magnesium (Cp2Mg) were used as the sources for n-type and p-
type dopants, respectively. Prior to the growth, the sapphire substrates were thermal cleaned in hydrogen ambient at 
1100°C. As shown in Fig.1, the UV LED structure with InGaN/AlGaN multi-quantum-well (MQW) consisted of a 30-
nm-thick low-temperature (500°C) GaN nucleation layer (GaN NL), a 2-μm-thick undoped GaN epilayer (u-GaN), a 2-
μm-thick Si-doped n-layer, an InGaN/AlGaN multiple quantum wells (MQWs) active layer, a 15-nm-thick Mg-doped 
AlGaN electron blocking layer (p-AlGaN) and a 0.2-μm-thick Mg-doped GaN contact layer (p-GaN). In this study, Si-
doped GaN and Si-doped Al0.03Ga0.97N n-type layer were grown and denoted as UV-LED with n-GaN and UV-LED with 
n-AlGaN, respectively. Temperature dependent photoluminescence (PL) and Power-dependent PL were used to 
determine internal quantum efficiency (IQE) and internal electric field (IEF), respectively. In addition, these samples 
were also characterized by atomic force microscopy (AFM) to reveal the surface morphology. Electrical and optical 
characteristics were measured by electroluminescence (EL). Their junction temperatures were extracted from the 
current–voltage (I–V) curves measured under DC current condition for a broad temperature range, from 30 °C to 130 °C. 
Finally, the UV LED wafers were processed into mesa-type chips (size: 1mm×1mm) and mounted on epoxy-free metal 
can (TO-39). The output power of the LED chips was measured using an integrated sphere detector. 

 

 
Figure 1. Schematic illustrations of GaN UV-LEDs with n-AlGaN and n-GaN. 

 

3. RESULT AND DISCUSSION 
Firstly, the surface morphologies of UV-LEDs with n-AlGaN and n-GaN were investigated by AFM, as shown in Fig. 
2.(a) and (b). The root mean square (rms.) value of the UV-LEDs with n-AlGaN and n-GaN were 1.36 nm and 0.60 nm, 
respectively. While, it can be clearly seen that, the pit density of the UV-LEDs with n-AlGaN and n-GaN were 6.5×109 
cm-2 and 4×109 cm-2, respectively. It have been reported that the pits appearing on the surface correspond to the threading 
dislocations. Fig. 2 (c) and (d) shows the dependence of the IQE of UV-LED with n-GaN and UV-LED with n-AlGaN as 
a function of injected carrier density at 15K and 300K. As the excitation energy increases, the IQE of UV-LED with n-
GaN is usually higher than UV-LED with n-AlGaN at 300K. The experimental results demonstrated that the IQE are 
43% and 39%, respectively, which are corresponding to an injected carrier density of 8.5 × 1017 #/cm3 [8]. It could be 
explained by the crystal quality of n-GaN is better than that of n-AlGaN. In addition, the observation of pit density of 
AFM morphology is consistent with the interpretation. It was well-known that the pits appearing on the surface in the 
virtue of the threading dislocations. Thus, it means that defect-induced non-radiative centers deteriorated IQE of LED 
with n-AlGaN layer. Therefore, it can be believed that the crystalline quality of the UV-LED with n-GaN is slightly 
better than the UV-LED with n-AlGaN. 
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Figure 2. AFM analysis over 1x1 μm2 for (a) UV-LED with n-AlGaN (b) UV-LED with n-GaN. The IQE of UV-LEDs with (c) n-
AlGaN and (d) n-GaN as a function of excitation power at 15K and 300 K. 

 
Fig. 3(a) shows the injection current versus voltage (I-V) characteristics of the both LEDs. Under a forward current of 
350 mA, the forward voltage was 3.92 and 4.07 V for UV-LED with n-GaN and UV-LED with n-AlGaN. A little high 
forward voltage of UV-LED with n-AlGaN can be attributed to the higher Al content compare to the UV-LED with n-
GaN, thus increase the series resistance in the device. The (I-V) characteristics of both are almost the same. The light 
output power versus injection current (L–I) characteristics of both UV-LEDs are also shown in Fig. 3(b). The light 
output powers are 60mW and 63mW with the injection current at 350 mA for UV-LEDs with n-GaN and n-AlGaN, 
respectively. The light output powers are quite similar for both LEDs at 350 mA. However, when the injection current is 
increased to 600 mA, the output power of UV-LED with n-AlGaN has is much better than UV-LED with n-GaN. The 
light output powers for UV-LEDs with n-GaN and n-AlGaN are 70 mW and 86 mW, individually. There exhibits 22% 
enhancement in UV-LED with n-AlGaN compared to UV-LED with n-GaN at 600mA. This indicates that UV-LED with 
n-AlGaN had higher efficiency at high injection current. Fig. 3(c) shows the normalized efficiency curves as a function 
of forward current for the two samples. The UV LED with n-GaN attain to the normalized efficiency maximize with the 
forward current at 200mA and begin to decrease. On the other hand, the UV LED with n-AlGaN attain to the normalized 
efficiency maximize with the forward current at 250mA and keep the normalized efficiency maximize to the forward 
current at 350 mA then start to decrease. From AFM and IQE measurements, it revealed that the crystal quality of the 
UV-LED with n-GaN is slightly better than UV-LED with n-AlGaN. Therefore, the light output power of UV-LED with 
n-GaN was slightly higher below 250 mA. For the UV LED with n-GaN, when the injection current exceeds 600mA, the 
efficiency is reduced to 33% of its maximum value. In contrast, the UV LED with n-AlGaN exhibit only 20% efficiency 
droop when increasing the injection current to 600 mA. These results indicate that the UV LED with n-AlGaN not only 
enhance the total light output power but successfully improve the efficiency at high injection current. In general, the 
ideal semiconductor has a zero band-to-band absorption coefficient at the bandgap energy (E=Eg). However, the 
absorption strength in the real semiconductor, for below-bandgap light, can be expressed in terms of exponentially 
decaying absorption strength. The absorption coefficient, α of the Al0.03Ga0.97N and GaN films are 8×102 and 1.2×103 
cm-1 at 380nm, respectively [9]. The transmission percentage of AlGaN and GaN are 85% and 77%, respectively. The 
light absorbing magnitude of GaN is 8% more than AlGaN at 380nm, which is significantly related to the peak shift 
result. In other ward, the droop effect issue has been improved in ultraviolet LEDs. 
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Figure 3. (a) Injection current versus voltage and (b) the light output power versus injection current characteristics for UV-LED with 
n-AlGaN and UV-LED with n-GaN (c) Normalized EQE curve for UV-LED with n-AlGaN and UV-LED with n-GaN. 
 

Fig. 4 shows the emission peak energy under different excitation power. It was found that the peak of the emission 
spectra of the LEDs shift to higher energy when the excitation power increased. The blue shift of both UV-LEDs with 
increasing excitation power may be explained by the carrier screening of the QCSE resulting from piezoelectric fields. In 
addition, the IEF was fitted by the peak energy shift under various injection levels at RT [10]. Our result shows the IEF 
of the both UV-LEDs was 0.198 MV/cm. Therefore, it was clarified that, in this case, QCSE is not the main reason to 
influence the characteristic of the light output power and efficiency droop. 

 
Figure 4. Emission energy of UV-LED with (a) n-AlGaN and (b) n-GaN at different power density. 
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Fig. 5(a) depicts the variation of the emission peak versus injection current characteristics of these UV-LEDs. It was 
shown that the initial peak positions of both UV-LEDs were located at about 380 nm, and the appearance of monotonic 
red-shift was revealed with increasing current. It was recognized that the junction temperature increased as the injection 
current increased. The red-shift magnitudes of UV LEDs with n-GaN and n-AlGaN were 6.6 and 4.3nm, respectively. 
This implied that the phenomenon of red-shift is more serious in UV LED with n-GaN. Moreover, the full width at half 
maximum (FWHM) of both UV-LEDs increased with increasing current as shown in Fig. 5(b), and the FWHM 
variations of UV LEDs with n-GaN and n-AlGaN were 3.5 nm and 2.6 nm, respectively. In our experiment, the 
difference between each sample is mainly in the Al mole fraction in the n-type layer. In previous results, no matter in 
crystalline quality, piezoelectric field and IQE, there are no immensely distinction between UV-LEDs with n-AlGaN and 
n-GaN. However, from EL spectrum peak shift result, the different self-heating phenomena of UV-LEDs have been 
observed [11]. Therefore, we suggested that the heat is generated from the absorption of light in the n-type layer, leading 
to the broadening of FWHM and red-shift. As a matter of fact, the self-absorption of emitting light in LEDs will generate 
heat, which means the performance of LEDs will deteriorate. Fortunately, the larger band gap of Al0.03Ga0.97N can 
significantly suppress the self-absorption effect in LEDs. Thus, these results indicated that the self-heating phenomenon 
of UV LED with n-GaN is much serious than UV LED with n-AlGaN.  

 
Figure 5. EL characteristics of (a) peak shift and (b) FWHM versus injection current for UV-LEDs with n-GaN and n-

AlGaN. 

 

Fig. 6 shows the junction temperature versus injection current characteristics of both UV-LEDs. The junction 
temperature of the UV-LED with n-GaN is always higher than UV-LED with n-AlGaN. Also, it can be clearly seen that 
the ΔT increases as increasing the injection current. The observation was consistent with EL analyses, which showed that 
the existence of temperature difference between n-type Al0.03Ga0.97N and GaN. Consequently, self-heating effect will 
occur and lead to a quantum efficiency droop. As well-known, a semiconductor material absorbs photon energy  when 
the photon energy is larger than the band-gap energy, whease the semiconductor material is transparent when photon 
energy is smaller than the band-gap energy [9]. By Urbach tail law, a semiconductor material also can absorb below 
band-gap light even though the absorption coefficient is small. From energy point of view, the absorbed light transfers to 
thermal energy will influence on the performance of LED device. 
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Figure 6. The junction temperature as a function of injection current of UV-LEDs with n-AlGaN and n-GaN. 

 

4. CONCLUSION 
The quantum efficiency droop in InGaN-based 380nm UV LED with n-GaN and n-Al0.03Ga0.97N underlayer grown on 
sapphire substrate by metal-organic chemical vapor deposition (MOCVD) was investigated. The measurements of 
temperature dependent PL and AFM revealed that the crystal quality of UV-LED with n-GaN is slightly better than that 
with n-AlGaN. Nevertheless, the output power of n-AlGaN UV-LED was enhanced from 70 mW to 86 mW (about 22%) 
as the injection current was increased to 600 mA. The n-AlGaN UV-LED exhibits only 20% quantum efficiency droop 
and 22% power enhancement at high injection current, we attributed this improvement can be less self-absoption by 
replacing n-GaN nuderlayer with n-AlGaN. 
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