
 

 
 

ISSN: 1675-7785 

eISSN: 2682-8626 

Available online at https://scilett-fsg.uitm.edu.my/ 

 
 

 Science Letters 18(4) 2024, 80-89. 
www.jeeir.com 
 

https://doi.org/10.24191/sl.v18i4.28010  

 

Simulation of AlGaN-based DUV-LED with The Variation of 

Step Al-graded QWs Configuration 

Wan Nur Amierha Wan Ibrahim1*, Faris Azim Ahmad Fajri1,2, Mohammad 

Amirul Hairol Aman1,2 and Ahmad Fakhrurrazi Ahmad Noorden1,2* 

1Centre for Advanced Optoelectronics Research (CAPTOR), Kulliyyah of Science, International Islamic University Malaysia, 25200 
Kuantan, Pahang, Malaysia 

2IIUM Photonics and Quantum Centre (IPQC), Kulliyyah of Science, International Islamic University Malaysia, 25200 Kuantan, 
Pahang, Malaysia 

 

 

ARTICLE INFO  ABSTRACT 

Article history: 
Received 30 April 2024 
Revised 31 August 2024 
Accepted 30 September 2024 
Online first 
Published 28 October 2024 
 

 Analysis of aluminum composition grading is presented to enhance the 
efficiency of AlGaN-based deep ultraviolet light emitting diodes (DUV-
LEDs).  The optical performance of LEDs with varying quantum well 
(QW) thickness and aluminum composition grading were examined 
through drift-diffusion simulations.  All LEDs featured step-graded 
QWs from 0.43 to 0.45 aluminum composition and have a total QW 
thickness of 3 nm, with thickness variations occurring at different 
aluminum composition gradings.  Compared to LEDs with 0.5 nm and 
1 nm QW thickness at an aluminum composition grading of 0.43, the 
LED with 1.5 nm demonstrated a high internal quantum efficiency (IQE) 
of 53.06%.  The LED emitted at 283.327 nm.  This design mitigated 
polarization effects, enhanced carrier injection efficiency, and improved 
carrier transport within QWs. This, in turn, increased the radiative 
recombination rates and luminescence intensity of the LEDs. 
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INTRODUCTION 

 In recent years, aluminium gallium nitride (AlGaN) based deep ultraviolet light emitting diode 

(DUV-LED) has received enormous attention due to their potential in advancing various areas of 

applications, such as medical treatment, communication, and water purification [1-5], including as a tool to 

eradicate SARS-COV 2 viruses which leads to COVID-19 diseases [6-8].  However, the performance of 

AlGaN-based DUV LEDs is limited due to AlGaN materials, which always introduce a built-in polarization 

electric field as a result of the lattice mismatch between the substrate and the epilayer [9] and between wells 

and barriers [10].  This electric field can reduce radiative recombination and ultimately cause efficiency 

droop in the DUV-LED [11]. 
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 In general, efficiency droop refers to reducing efficiency with increasing current after the maxima 

peak of efficiency is reached [12].  So far, many factors have contributed to the drop in efficiency.  One of 

them is associated with the carrier leakage from the multiquantum well (MQW) active region of the LED 

towards the p-regions, adversely reducing the number of carriers for radiative recombination and triggering 

the Auger recombination process [13]. Moreover, an unoptimized MQW separates electron and hole 

wavefunction, which would lower the radiative recombination efficiency [14]. In this study, radiative 

recombination refers to the recombination of electrons from the conduction band with the hole in the 

valence band, which produces photons [15]. Therefore, the MQW carriers must be well-confined to 

improve the radiative recombination rate [16].  A thinner MQW tends to result in poor carrier confinement, 

causing the electron to accumulate primarily in the last quantum well (QW) and impede hole injection from 

the opposite direction into the active region [17]. 

 

 Furthermore, the electron and hole wavefunction separation aggravates as the energy band tilts 

due to the piezoelectric polarization caused by the lattice mismatch between the layer of QW and the 

quantum barrier (QB) [18].  The radiative recombination will be reduced, and the performance of the DUV-

LED will be degraded.  To realize a highly efficient DUV-LED with high radiative recombination, the 

thickness of the MQW should be thin enough, and the material composition needs to be optimal to increase 

the overlapping of electron and hole wavefunction, enhance the radiative recombination rates and improve 

the internal quantum efficiency (IQE) of the DUV-LED.  At this point, the external quantum efficiency 

(EQE) for most of the reported DUV-LEDs remains below 10% [19-22].  However, a high IQE of DUV-

LEDs has been reported to be between 30-40% by introducing linearly grading and asymmetrically step-

grading the aluminium (Al) composition in the QWs [10,23,24].  The results indicate that optimizing the 

Al-graded composition in the QWs can reduce the polarization effect and increase the carrier confinement 

within the QW.  

 

 This work proposes a simulation work using a drift-diffusion approach to directly investigate the 

impact of Al-graded composition in AlGaN QWs of AlGaN-based LEDs with the variation of QW 

thickness for improving the optical properties of the LEDs.  The energy band, electroluminescence (EL) 

properties, and IQE of three LEDs are considered in the calculation.  Comparing the QW with uniform 

thickness for each graded Al composition, the higher thickness at 0.43 graded Al composition is anticipated 

to improve the carrier distribution within each QW and enhance radiative recombination efficiency. 

METHODOLOGY 

 The simulated AlGaN-based DUV-LED heterostructure is schematically illustrated in Fig. 1.  The 

LED heterostructure consists of a 2 μm-thick substrate, a 1 μm-thick n-GaN buffer layer, and a 2 μm-thick 

n-Al0.55Ga0.45N cladding layer.  Meanwhile, the MQW active region includes 3 nm-thick Al-graded AlGaN 

QWs (from XAl = 0.43 to XAl =0.45), 10 nm-thick Al0.50Ga0.50N QBs with 5 periods.  The subsequent layers 

are a 25 nm-thick Al0.60Ga0.40N electron blocking layer (EBL), 300 nm thick p-AlGaN, and p-GaN.  The 

doping concentration is set to 5.0 × 1018 cm-3 for Si-doped n-GaN and n-AlGaN, 1.2 × 1018 cm-3 for Mg-

doped p-AlGaN, 3.0 × 1018 cm-3 for p-GaN and 1.9 × 10-10 cm-3 for undoped AlGaN QWs and QBs.  The 

Auger and radiative recombination coefficients are set to be 2 × 10-11 and 2 × 10-31, respectively, while the 

piezoelectric and spontaneous polarization-induced charge density are set at 100%.  
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Fig. 1.  Schematic diagram of the DUV-LED and the quantum well (QW) structure of LED A, B and C. 

 

Table 1.  The configuration parameters of step-graded QWs for LED A, LED B, and LED C 

 QW Thickness (nm) 

Al Composition (XAl) LED A LED B LED C 

0.43 1.0 0.5 1.5 

0.44 1.0 1.0 1.0 

0.45 1.0 1.5 0.5 

 

 The details of different configurations of step-graded QW can be seen in Table 1: (1) For LED A, 

the aluminum (Al) composition in the QWs is step-graded from 0.43 to 0.45 with a uniform thickness of 1 

nm for each Al composition; (2) For LED B, the thickness of the QWs varies with the Al composition, 

being 0.5 nm at XAl=0.43, 1 nm at XAl=0.44, and 1.5 nm at XAl=0.45; (3) For LED C, the thickness of the 

QWs varies in a different order, being 1.5 nm at XAl=0.43, 1 nm at XAl=0.44, and 0.5 nm at XAl=0.45.  The 

simulation was performed using the One-Dimensional Drift-Diffusion Charge Control (1D-DDCC) 

simulator developed by Yuh Renn-Wu [25].  1D-DDCC is a carrier transport simulation based on the semi-

classical drift-diffusion model. 

RESULTS AND DISCUSSION 

 The energy band diagram, carrier concentration, radiative recombination rate, and IQE for all the 

structures were analyzed at 13.15 V, where LED C achieved its highest IQE.  The energy band diagrams 

for all LEDs are demonstrated in Fig. 2.  The dotted black lines represent the quasi-Fermi level.  In all 

structures, the bending of the energy band reduces due to the presence of step Al-graded QWs.  Such 

structure decreases the energy band bending as the induced polarization bulk charges between QW and QB 

screened out part of the induced electric field [26]. 

 

 However, significant differences in the energy band for all LEDs influence their optoelectronics 

performances regarding the carrier concentration and radiative recombination rates.  Based on Fig. 2, the 

energy band for the QWs in LED C shows a higher potential barrier height (ΔΦ𝐶𝐵and ΔΦ𝑉𝐵)  and depth 

(ΔΨ𝐶  and ΔΨ𝑣) compared to LED A and LED B, which allows more electrons and holes to be confined and 

recombined radiatively [27,28].  The quasi-Fermi level for LED C also shows the highest overlap with the 
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conduction band, indicating a high electron probability density [29]. Due to these energy band 

characteristics, LED C is uniform and has the highest carrier concentration density among the three 

structures.  It can be inferred that this effect is influenced by setting the highest thickness of 1.5 nm at the 

Al composition of 0.43.  

 

 
Fig. 2.  Energy band diagrams and the magnification of conduction band and valence band of (a) LED A, (b) LED 
B, and (c) LED C.  The dotted black lines across the active region represent the quasi-Fermi level. 

 Contrarily, LED B shows a lower overlap between the quasi-Fermi level and the conduction band.  

As mentioned above, LED B has the opposite design compared to LED C.  As for LED A, the overlapping 

of the conduction band is slightly lower compared to LED C but higher QWs depth of the valence band 

than LED B. Fig. 2(b) shows that LED B has a lower potential barrier height, which limits the carrier 

confinement for more radiative recombination between electron and hole [30]. Moreover, the QWs 

structure of LED B aggravates hole accumulation at the last QW near the p-side while the electron gathered 

near the n-side, implying poor uniformity of carrier transport and low injection efficiency. 

 

 Furthermore, the band bending effect is due to the high difference in Al composition between QB 

(XAl =0.50) and QW (XAl =0.43), as depicted in Fig. 1.  This difference causes negative polarization-induced 

charges at the heterojunction of QB and QW, which generate an electric field, resulting in the energy band 

bending upwards [31].  In LED C, the difference between the Al composition in QW and QB is 

accompanied by the QW thickness of 1.5 nm.  Compared to LED A and LED B, the thickness of 1.5 nm in 

LED C, as shown in Fig. 1, leads to less bend bending since the induced electric field is distributed to larger 

space [32].  This allows higher electron injection and promotes carrier transport across the MQW active 
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region.  Correspondingly, the position of the highest thickness Al composition grading in graded QWs does 

play a role in alleviating the polarization effect in the active region of DUV-LED.  Meanwhile, the low 

thickness of 0.5 nm with high Al composition difference in LED B presents contradictory characteristics 

compared to LED C.  In this simulation, LED A, with uniform thickness for each Al composition grading 

in the QWs, acts as the reference for the performance of LED B and LED C. Thus far, it has exhibited 

intermediate characteristics compared to those two.  

 

 Fig. 3 shows the electron and hole concentrations across the active region of all five QWs. As 

illustrated in Fig. 3(a), LED C has the highest average electron concentration compared to LED A and B.  

Additionally, Fig. 3(b) reveals that LED C has the highest peak hole concentration among all five QWs.  

Conversely, both electron and hole concentrations decrease in LED A, with LED B having the lowest 

average carrier concentration.  As expected, the greater depth of the QWs in LED C, as shown in Fig. 2(c), 

has enhanced its overall electron confinement.  With increased electron confinement, more electrons are 

trapped inside the QW, resulting in a higher carrier density within the QW [33]. 

 

Fig. 3.  The (a) electron concentration and (b) hole concentration for LED A, B, and C. 

 Fig. 4(a) depicts the radiative recombination rate of the MQW in all LEDs.  Overall, LED C shows 

the highest radiative recombination rate compared to LED A and B.  The radiative recombination rate in 

LED C is approximately uniform in each MQWs.  The bimolecular rate equation in Eq. (1) states that the 

recombination rate is proportional to the product of electron and hole concentration [34].  B is the 

bimolecular recombination coefficient, and n and p are the concentration of electrons and holes, 

respectively.  

                                           𝑅 =  −
d𝑛

d𝑡
=  −

d𝑝

d𝑡
= 𝐵𝑛𝑝                                  Equation 1 

 

 Thus, carrier distribution, as well as carrier concentration for LED C structure, can also be inferred 

to be in the best performance compared to LED A and LED B. Uniform carrier distribution across the active 
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region and high carrier concentration density in LED C leads to higher radiative recombination and reduces 

the polarization effect leading to less bend bending and simultaneously enhance the carrier transport across 

the active region.  

 

 Based on the luminescence spectrum in Fig. 4(b), the emission peak of the LEDs only varies 

between 281.02 nm for LED B and 283.33 nm for LED C.  This indicates that the thickness variation for 

step Al-graded QWs does not significantly impact the emission peak.  Nonetheless, LED C presents a higher 

luminescence intensity of 6.92 × 1019 a.u., which is ~8.68% higher than LED A and ~16.85% higher than 

LED B.  The high-intensity emission is due to the densely uniform holes and electron confinement, thus 

improving the radiative recombination rate in the active region in LED C.  

 

 

Fig. 4.  The (a) radiative recombination rate and (b) luminescence spectrum for LED A, B, and C, respectively. 

 The IQE and current density-voltage (J-V) characteristics are plotted in Fig. 5.  From the results, 

LED C has a higher IQE of 53.06% at ~130 Acm-2, which is 8.05% higher than LED A and 15.72% 

higher than LED B.  An essential consideration is that each QWs in the proposed LEDs have an overall 

uniform thickness of 3 nm, but with the thickness variation at different Al composition grading.  The total 

thickness of QW plays a role in achieving high optical performance by increasing the radiative 

recombination since it has been found in the previous works by other researchers that the QW with a 

thickness lower than 5 nm can decrease the effect of spatial separation between the electron and hole 

wavelength [27], [34].  This implies that the optical performance of LED C benefits from its thin QW 

structure, which is further enhanced by having the highest thickness at the lowest Al composition grading 

of 0.43 within the QW.  Hence, the step Al graded QWs design that leads to the high IQE is linked to an 

increased radiative recombination rate, resulting from improved carrier concentration due to the reduction 

of polarization effect in the DUV-LED.  The enhanced carrier confinement within each QW also 

promotes more electrons and holes to recombine radiatively, leading to higher luminescence intensity. 
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Fig. 5.  The internal quantum efficiency (IQE) and inset of current density-voltage (J-V) characteristics for LED 
A, LED B, and LED C, respectively. 

CONCLUSION 

 In conclusion, the thickness impact for step Al graded QWs for AlGaN-based DUV LEDs is 

investigated.  Our simulation results show that LED with step-graded QWs of 1.5 nm thickness at XAl = 

0.43 exhibits a higher IQE at 53.06%, surpassing LED with QWs thicknesses of 0.5 nm and 1 nm at XAl = 

0.43 by 15.72% and 8.05%, respectively.  The LED with step-graded QWs of 1.5 nm thickness at XAl = 

0.43 exhibits a wavelength of 283.33 nm.  This design effectively reduces polarization effects in the DUV-

LED and minimizes band bending in the active region.  Consequently, it enhances carrier injection 

efficiency into the active region and improves carrier transport and confinement within each QW.  The 

overall carrier concentration in the LED increases significantly, resulting in a higher radiative 

recombination rate and a luminescence intensity of 6.92 x 1019 a.u., which exceeds LED with 0.5 nm and 1 

nm at XAl = 0.43 grading by 16.85% and 8.68%, respectively.  Therefore, research on the optimal thickness 

for each graded aluminium composition in QW can pave the way for the high efficiency of AlGaN-based 

DUV-LED. 
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