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ABSTRACT

Although AlGaN-based deep ultraviolet (UV) light-emitting diodes (LEDs) have been studied extensively, their quantum
efficiency and optical output power still remain extremely low compared to the InGaN-based visible color LEDs. Electron
leakage has been identified as one of the most possible reasons for the low internal quantum efficiency (IQE) in AlGaN
based UV LEDs. The integration of a p-doped AlGaN electron blocking layer (EBL) or/and increasing the conduction
band barrier heights with prompt utilization of higher Al composition quantum barriers (QBs) in the LED could mitigate
the electron leakage problem to an extent, but not completely. In this context, we introduce a promising approach to
alleviate the electron overflow without using EBL by utilizing graded concave QBs instead of conventional QBs in AlGaN
UV LEDs. Overall, the carrier transportation, confinement capability and radiative recombination are significantly
improved. As a result, the IQE, and output power of the proposed concave QB LED were enhanced by ~25.4% and ~25.6%
compared to the conventional LED for emission at ~254 nm, under 60 mA injection current.
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1. INTRODUCTION

AlGaN deep-ultraviolet (UV) light-emitting diodes (LEDs) have undergone extensive research due to their wide range of
practical applications [1]. However, current LEDs still exhibit low external quantum efficiency (EQE), which is a function
of internal quantum efficiency (IQE), light extraction efficiency (LEE), and carrier injection efficiency (CIE). Large defects
and dislocation densities caused by mismatched lattices in the epilayers, the strong polarization-induced quantum-confined
Stark effect (QCSE), electron overflow, and poor hole injection efficiency are some of the main reasons causing these
problems [2]. To mitigate the electron overflow, an Al-rich p-doped electron-blocking layer (EBL) has been commonly
used in between the active region and the p-region [3]. However, at the hetero-interface of the last quantum barrier (QB)
and the EBL, a positive polarization sheet charge is generated due to the high Al composition of the EBL layer [4-6]. The
hole depletion area is formed at the same interface as a result of the formation of positive sheet polarization charges,
leading to the severely limited hole injection efficiency [7, 8]. Additionally, efficient p-doping in Al-rich EBL is
challenging due to the high Mg activation energy [9].

Several approaches have been suggested for the reduced electron leakage by using different EBL structures [10-12].
However, the complications associated with these types of EBL structures strongly affect the subsequent epitaxial growth
processes. In this paper, we present a promising approach for reducing electron overflow in AlGaN UV LEDs by using
EBL-free structure with graded concave QBs instead of conventional QBs. The proposed graded QBs raise the conduction
band barrier heights (CBBH), while the concave structure slows hot electrons by lowering the electron mean free path
(MFP) before entering the quantum wells (QWs). Overall, the output power, IQE, and radiative recombination of the
proposed LED are significantly increased compared to the reference structure.

2. DEVICE STRUCTURE AND PARAMETERS

The reference LED structure, denoted as LED 1, is adopted from Yan et al. [13]. Illustrated in Fig. 1(a), LED 1 contains
a 3 μm n-Al0.7Ga0.3N layer (5×1018 cm-3), five undoped 3 nm Al0.6Ga0.4N QWs sandwiched between six undoped 12 nm
Al0.7Ga0.3N QBs as active region, a 20 nm p-Al0.85Ga0.15N (2×1019 cm-3) EBL, a 50 nm p-Al0.7Ga0.3N (2×1019 cm-3) cladding
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layer, and a 120 nm p-GaN (1×1020 cm-3) contact layer. Figure 1(b) presents the Al composition profile information for
the conduction band of LED 1. The proposed LED with concave QBs is denoted as LED 2. There are two specific changes
in LED 2, compared to the reference structure, LED 1. The conventional EBL layer is not presented in LED 2 and the
regular QBs are replaced with concave QBs. The proposed concave QBs are composed of 4 nm AlxGa1-xN/4 nm Alx-0.03Ga1-(x-

0.03)N/4 nm AlxGa1-xN layers along the growth direction. The values of x for five QBs are 0.65, 0.68, 0.71, 0.74, and 0.77,
respectively. This can be seen from Fig. 1(c). The mesa area of both LEDs is considered as 400 × 400 μm2.

Figure 1. (a) Schematic representation of LED 1, Al composition (%) profile related to the conduction band of (b) conventional structure, i.e.,
LED 1, and (c) proposed LED structure, i.e., LED 2.

The Mg activation energy for the p-AlxGa(1-x)N alloy is determined by using a linear approximation. It is considered as 170
meV for p-GaN and 510 meV for p-AlN, respectively [14]. The net polarization caused by piezoelectric and spontaneous
polarization is calculated and set as 50% of the theoretical values [15]. The Shockley-Read-Hall (SRH) recombination
coefficient, radiative recombination coefficient, light extraction efficiency, and auger recombination coefficient are set as
6.67 × 107 /s, 2.13 × 10-11 cm3/s, 15%, and 2.88 × 10-30 cm6/s, respectively [16]. The band offset ratio for the III-nitride
material hetero-junctions is taken as 0.67/0.33 [12]. The energy-band diagrams of two LED structures are calculated using
the 6×6 k.p model [17], and other band parameters utilized in our model can be found elsewhere [18]. Moreover, by closely
comparing our simulation results for LED 1 with experimental data, we strictly calibrated our simulation parameters and
model [13].

3. RESULTS AND DISCUSSION

The calculated energy-band (E-B) diagrams of LED 1 and LED 2 are shown in Fig. 2. The E-B diagrams are estimated at
60 mA injection current. As shown in Table 1, the corresponding CBBH values (фen) at the corresponding barrier (n) of
the conduction bands for the proposed structure, LED 2, are gradually increasing as compared to that of the conventional
structure, LED 1. This would improve the electron blocking capability in the active region and reduce the electron leakage
into the p-region [4].

Figure 2. Energy band diagram of (a) LED 1 and (b) LED 2 at 60 mA injection current.
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Moreover, the presence of concave QBs in LED 2 would slow down the hot electrons by lowering the electron MFP before
entering into quantum wells in the active region which would play an additional role in reducing the electron leakage [19].
Next, the effective valence band barrier height (VBBH) values (фhn) at the corresponding barrier (n) of the valence band
are estimated and presented in Table 2. It is found that the фhn values are gradually increasing in the proposed LED
structure, LED 2, compared to LED 1 due to increase in Al composition in the QBs. It is anticipated that this would support
in improving the hole confinement in the active region.

Table 1. Effective CBBHs of QBs (фen) for LED 1 and LED 2.

CBBH LED 1

фe1 174.7 meV

фe2 179.3 meV

фe3 178.8 meV

фe4 173.3 meV

фe5 173.2 meV

фe6 46.6 meV

LED 2

56.74 meV

123.3 meV

194.3 meV

259.6 meV

323.2 meV

232.9 meV

Table 2. Effective VBBHs of QBs (фhn) for LED 1 and LED 2.

VBBH LED 1

фh2                      281.4 meV

фh3                      280.2 meV

фh4 279.6 meV

фh5 277.1 meV

LED 2

259.8 meV

322.6 meV

374.5 meV

428.3 meV

The electron concentrations in the active region of LED 1 and LED 2 are depicted in Fig. 3(a). As expected, the reduced
electron mean free path improves electron concentration in the active region of LED 2. The integrated electron densities
in LED1 and LED 2 are 5.8 × 1012 cm-2 and 9.2 × 1012 cm-2. As a result, electron overflow from LED 2 active region is
reduced when compared to LED 1. Therefore, lower electron leakage was discovered in the p-region of LED 2, as
illustrated in Fig. 3(b). The reduced electron leakage also prevents undesirable non-radiative recombination of leaked
electrons with incoming holes in the p-region. It also facilitates the hole injection into the multi QWs. Furthermore,
effective VBBHs in LED 2 supports better hole transport among the QWs. Altogether, the overall hole concentration in
the active region of LED 2 is increased and shown in Fig. 3(c). The integrated electron densities in LED1 and LED 2 are
4.4 × 1012 cm-2 and 4.9 × 1012 cm-2. Subsequently, radiative recombination is also significantly improved due to the higher
carrier concentration in the multi QWs of LED 2 compared to LED 1. This is provided in Fig. 3(d).
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Figure 3. Calculated (a) Electron concentration, (b) Electron leakage, (c) Hole concentration, and (d) Radiative recombination rate in MQWs
of LED 1 and LED 2.

The IQE of both LEDs is calculated further, as shown in Fig. 4. (a). LED 2 has a maximum IQE of 31%, whereas LED 1
has a maximum IQE of 20% due to the improved radiative recombination and reduced electron overflow. Furthermore, at
60 mA injection current, LED 2 has a 25.4% higher IQE than LED 1. The electroluminescence (EL) spectra of both LEDs
are depicted in Fig. 4(b). Again, the EL intensity of LED 2 is higher than that of LED 1 at the emission wavelength of 254
nm due to the improved radiative recombination.
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Figure 4. Calculated (a) IQE-current characteristics, (b) EL intensity, (c) Power-current characteristics, and (d) Voltage-current
characteristics of LED 1 and LED 2.

Figures 4(c) and 4(d) show the power vs. current (L-I) and voltage vs. current (I-V) characteristics of LED 1 and LED 2.
LED 2 has a nearly identical turn-on voltage to LED 1, with a slightly higher operating bias voltage at 60 mA injection
current. However, the output power of LED 2 has increased dramatically. LED 2 has a recorded output power of 10.3 mW
at 60 mA current injection, which is 25.6% higher than LED 1 at the same injection current level.

4. CONCLUSION

We have reported the advantages of utilization of graded concave QBs instead of conventional QBs in AlGaN deep UV
LEDs. The proposed LED structure could be able to notably slow down the hot electrons thereby reducing the electron
thermal velocity and mean free path which greatly improved the carrier confinement in the QWs and significantly reduced
the electron overflow from the active region. As a result, the proposed LED with concave QBs exhibited improved IQE,
and output power by ~25.4% and ~25.6% respectively, compared to the conventional LED at 60 mA injection current.
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