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This work demonstrates the enhancement of luminescence intensity of
aluminium gallium nitride (AlGaN)-based deep-ultraviolet light-
emitting diode (DUV-LED) via the wedge-shaped electron blocking
layer (W-EBL). The AlGaN-based DUV-LED suffers from low
luminescence intensity emitted by the device due to electron overflow
and minimal hole injection. Utilising the W-EBL in the epitaxy layers
with an optimal effective barrier height structure can reduce the
overflowing electron and increase the transportation of hole into the
active region. The increment in confinement of carrier in the multiple
quantum well (MQW) increased the radiative recombination rates and
boosted the luminescence intensity of the DUV-LED by 48%.

INTRODUCTION

In recent years, the deep-ultraviolet (DUV) light-emitting diodes (LEDs) have emerged as very
promising optoelectronics devices used in various applications such as UV curing, water, or air cleaning
[1,2], and lithography [3,4]. The DUV-LEDs are great replacements for poisonous mercury lamps and gas
lasers, commonly used for UV light in air, water, food purification, and sterilization [5,6]. The DUV-LEDs
offer high emission efficiency, minimal heat impact, compact size, and extended operational lifespan
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compared to mercury lamps in industrial settings [5,6]. DUV LEDs have become recognized as an eco-
friendly, safer, and less damaging disinfection technique during the COVID-19 pandemic [7,8].

However, DUV-LEDs encounter some drawbacks in research and development, including challenges in
low luminescence intensity, internal quantum efficiency, and external quantum efficiency (EQE) below
20% [9]. The luminous efficiency of AlGaN-based LEDs decreases exponentially as they operate at shorter
wavelengths, prompting efforts to enhance the quality of epitaxial growth [5]. DUV-LEDs experience
efficiency droop due to electron overflow, inefficient hole injection, Auger effect, and carrier delocalization
[10]. GaN-based LEDs are frequently utilized to establish an energy barrier, although the problem of
electron overflow can be significant under high injection current conditions [10]. The band bending caused
by the polarization field at the interfaces of the final quantum barrier (QB) and electron blocking layers
(EBL) can reduce the energy barrier and slow down the injection of holes [10]. Various analysis and
bandgap engineering techniques have been utilized to enhance the efficiency of DUV-LEDs, including
dopant concentration analysis [11], epitaxy layer thickness analysis [12], and different types of superlattice
EBL and heterojunction EBL configurations. Nevertheless, these structures' intricate device physics and
carrier transport mechanisms still need to be sufficiently characterized [13].

In this work, three DUV-LEDs with different EBL configurations and five quantum wells were
simulated. The three DUV-LED structures were named based on the EBL design, such as N-EBL, C-EBL,
and W-EBL, which refer to the absence of the EBL, conventional bulk EBL, and a wedge-shaped EBL,
respectively. The epitaxial chip was analyzed through the variation of the aluminum composition of the
wedge-shaped EBL. The alteration of aluminium composition affects various material properties and
influences the optoelectronics performance of the DUV-LED. The simulation of the DUV-LED was
performed using the 1-dimensional Poisson, drift-diffusion, and Schrodinger solver (1D-DDCC) developed
by Yuh-Renn Wu [14-16]. The 1D-DDCC utilizes the drift-diffusion model to transport the carrier within
the heterostructure of the DUV-LED.

Furthermore, the simulation software employs the Schrodinger equation to consider the quantum
effects that occur in the DUV-LED, such as tunneling effects. The analysis of the DUV-LED performances
covers several optoelectronic properties, such as the energy band diagram, radiative recombination rates,
and luminescence spectrum. Through the W-EBL, the optoelectronics properties of DUV-LED were
significantly enhanced, and this research may become a stepping stone in improving the DUV-LED
technology.

METHODOLOGY

Theory of the carrier transport

The carrier transportation in the DUV-LED structure can be understood through the drift-diffusion
model (DDM). The three main components in DDM are current density of carrier equations, continuity
equations, and Poisson equation, which can be expressed in equations 1, 2, and 3 as [17], [18]

Jo = quecE + qD Ve )
0 -

a5, =~V Je—qR~G) 2)

V'(fofstﬁ) =q(p—n+pp—ny) (3)

The terms c, jc, Ue, Do and E Refer to the carrier, i.e., (electron and hole), current density, mobility
of the carrier, diffusion coefficient, and electric field, respectively. The flow of carrier concentrations
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concerning time can be described via the continuity equation, which consists of the recombination rate, R
and generation rate, G. The electron and hole are represented by n and p as described in Fig. 1.

Al-Composition
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Fig. 1. The schematic diagram of the DUV-LED epitaxial structure. The 36 nm thickness of the EBL is represented
by “X’,'

DUV-LED configuration

The epitaxial layer of the DUV-LED consists of gallium nitride (GaN) substrate, followed by n-
AlGaN and n-GaN with 0.5 um thickness and 5 x 10'® ¢cm silicon (Si)-doped. The confinement of the
carrier in the DUV-LED was achieved through the multiple quantum well (MQW), which consists of five
pairs of Alop3Gao 7N quantum wells and is alternated with Aly4Gaoe¢N quantum barriers. The thickness of
the quantum well and barrier was 3 nm and 12 nm, respectively. The thickness of hole injection layers, p-
Alo4GaoeN and p-GaN, was 2.5 um. The layers were doped with 5 x 10'® cm and 1 X 10" cm™ magnesium
(Mg)-doped. Bulk p-Alp¢Gag 4N EBL with a thickness of 36 nm and 1 x 10'® cm™* Mg-doped was added to
the C-EBL. Meanwhile, the aluminium composition of EBL was altered into a wedge-shaped for W-EBL,
as illustrated in Fig. 1. The same thickness and doping were used in the W-EBL and the C-EBL.

RESULTS AND DISCUSSION

Energy band diagram

The optoelectronic properties of the DUV-LED, such as the energy band diagram, radiative
recombination rates, and luminescence spectrum, are discussed in this section. The importance of the EBL
is highlighted, and a better DUV-LED performance can be achieved through the EBL band-engineering
process. Fig. 2 shows the energy band diagram for the N-EBL, C-EBL, and W-EBL, respectively. The
dotted line represents the quasi-fermi level, and the solid line represents the bands.

https://doi.org/10.24191/scl.v18i4.9714



4 Hairol Aman et al. / Science Letters, October (2024) Vol. 18, No. 4

QO
~
o
O
~
o
Ik
I|
I|
()
~

Energy (eV)
NN
Energy (eV)
oA
-

o
.|

1 .

y

1

3 1
A\
Energy (eV)

? 3 ee----— 12,
WP LK (LK 47 Nt
S AN S S Sl
51 | — -5 |
2000 2040 2080 2120 2000 2040 2080 2120 2000 2040 2080 2120
Distance (nm) Distance (nm) Distance (nm)

Fig. 2. The energy band diagrams of a) N-EBL, b) C-EBL and W-EBL for the DUV-LED where the &, and @},
represents the effective barrier height of electron and hole, respectively.

Based on Fig. 2a), there is a flat line in the energy band diagram of the conduction and valance
bands for the N-EBL. Contrarily, in Figures 2b) and 2c), trapezoidal and wedge shapes are present in the
EBL region of the conduction band and valance bands. The addition of the EBL in the DUV-LED epilayer
is performed to reduce electron leakage and improve the injection of the hole into the active region [19].
The EBL creates an effective barrier height for the electron, which blocks the spill-over from the active
region into the p-region [20]. The confinement of the electrons in the active region is enhanced and boosts
the performance of the DUV-LED. The effective barrier height for electron, ®, , which is measured from
the difference between the highest point of the conduction band in the EBL region and the quasi-fermi level
immediately before the EBL region [21]. The effective barrier height of the electron for N-EBL, C-EBL,
and W-EBL are 0 meV, 618 meV, and 509 mV.

Although the effective barrier height of the electron for C-EBL is higher than W-EBL, due to the
grading of the Aluminium composition, the leakage of the electron is still more severe in C-EBL because
of the quantum tunneling effect. The transportation of electrons in the epilayer of the DUV-LED is via two
methods: (1) thermionic emission [22] and (2) quantum tunneling [17]. The thermionic emission depends
on the effective barrier height [22]. In contrast, quantum tunneling depends on the space required to
penetrate [17]. The grading of the Aluminium composition in the W-EBL creates a larger space for the
electron to penetrate, reducing the electron's leakage and improving the electron's confinement.

In addition, hole transportation into the active region has also been improved via implementing
the EBL. The effective barrier height for the hole is measured from the difference between the lowest point
of the valance band in the EBL region and the quasi-fermi level immediately after the EBL region [21].
The measured effective barrier height of holes for N-EBL, C-EBL, and W-EBL are 0 meV, 932 meV, and
846 meV. The reduced effective barrier height of the W-EBL compared to the C-EBL improves the hole
injection into the active region. Besides, the EBL accelerates the hole by providing kinetic energy, which
helps the hole to be distributed across the MQW and obtain a more uniform carrier distribution. A uniform
electron-hole distribution may enhance the luminescence intensity of the DUV-LED by several folds [23].
Implementing the EBL improves the confinement and distribution of the carrier in the MQW. The effects
of the EBL can be further analyzed via the radiative recombination rates.

Radiative recombination rates

Radiative recombination can be described as the phenomenon of electrons in the conduction band
recombining with the hole in the valance band. The energy loss is released through photons or light
emissions [24]. Fig. 3 shows the radiative recombination rates of the DUV-LED in the MQW for N-EBL,
C-EBL, and W-EBL, respectively.
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Fig. 3. The radiative recombination rates of the DUV-LED for N-EBL, C-EBL, and W-EBL.

Based on Fig. 3, the radiative recombination rates of the W-EBL are the highest, followed by C-
EBL and N-EBL. Furthermore, the importance of the EBL in the DUV-LED has also been highlighted
since there is a huge discrepancy in the magnitude of the radiative recombination rates between the N-EBL
and C-EBL. The results illustrate that the radiative recombination rates align with the previous analysis in
the energy band diagrams. The N-EBL suffers severe electron leakage and low hole confinement in the
active region; thus, the radiative recombination rates of the N-EBL are the lowest.

The C-EBL experiences less electron leakage than the N-EBL, and the hole injection into the
active region has also improved. Several folds have enhanced the radiative recombination rates of the C-
EBL in comparison with the N-EBL. The W-EBL suffers minimal electron leakage and significant
improvement in hole confinement in the active region. Due to the hole being appropriately distributed in
the MQW for W-EBL, the radiative recombination rates from the first to the fifth quantum well are the
highest. Therefore, the W-EBL greatly improved the performance of the optoelectronics properties of the
DUV-LED via the increment of the electron and hole confinement [25], [26]. The benefits of obtaining
high radiative recombination can be visualized via the luminescence spectrum. Fig. 4 depicts the
luminescence spectrum of the DUV-LED and the shifted wavelength due to the implementation of the
graded Aluminium composition in the EBL.

Luminescence spectrum

The photon emission of the DUV-LED can be achieved through the radiative recombination
process [24]. By controlling the appropriate amount of the Aluminium composition for the MQW, the
desired wavelength emitted by the DUV-LED can be obtained. Each wavelength category has its purpose
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because the different wavelengths have different frequencies, which may affect the interested applications
[27]. Fig. 4 shows the luminescence spectrum of the DUV-LED and the shifted wavelength due to the
addition of the EBL.
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Fig. 4. The a) luminescence spectrum and b) shifted wavelength of the DUV-LED for N-EBL, C-EBL, and W-EBL.

Based on Fig. 4a), the emission of the luminescence intensity for W-EBL and C-EBL has been
enhanced by 48% and 41% relative to the N-EBL, respectively. This is attributed to the EBL, which blocks
the overflow of the electron from the active region into the p-region and increases the hole injection from
the p-region into the active region. Furthermore, the emission wavelengths for N-EBL, C-EBL, and W-
EBL are 304.507 nm, 304.134 nm, and 304.06 nm, respectively.

The wavelength emitted by the DUV-LED differs slightly due to the strained quantum well layer,
leading to slight bandgap energy changes [28]. The emission of the wavelength depends on the bandgap
energy [23]. Thus, any subtle change in the bandgap energy will affect the emitted wavelength. Table 1
shows the summary of this research.

Table 1. The electron and hole barrier height, luminescence intensity, bandgap energy, and wavelength emitted by the
N-EBL, C-EBL, and W-EBL DUV-LED structures.

Electron Barrier  Hole Barrier Luminescence Bandgap Wavelength
DUV-LED Structure Height (meV) Height (meV) Intensity (a.u.) Zr{j:;gy Emitted (nm)
N-EBL 0 0 0.9133 x 10%° 4.079 304.507
C-EBL 618 932 1.2891 x 102 4.084 304.134
W-EBL 509 846 1.3531 x 10%° 4.085 304.060

CONCLUSION

In conclusion, the N-EBL, C-EBL, and W-EBL of DUV LED were analyzed based on the energy
band diagrams, radiative recombination rates, and luminescence spectrum. The EBL was used to block the
electron overflow and improve hole injection in the MQW. The EBL analysis achieved an optimal effective
carrier barrier height, and the luminescence intensity of the DUV-LED was boosted two-fold. Besides, the
grading of the EBL via aluminium composition also affects the carrier transportation in the epilayer and
the optoelectronics performances. Considering the N-EBL as a reference, the luminescence intensity of the
W-EBL, which was enhanced via grading the aluminum composition, was higher than that of the N-EBL
and C-EBL by 48% and 8%, respectively. Moreover, the addition of EBL in the epilayer slightly influences
the wavelength emitted by the DUV-LED. However, its shift was insignificant because the wavelength is
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still in the range of 304 nm. Therefore, this research provides new insights into the EBL configurations in
the AlGaN-based DUV-LED epilayer.
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