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The compositional graded quaternary barriers (GQBs) instead of ternary/conventional
quantum barriers (QBs) have been used to numerically enhance the efficiency of AlGaN-
based ultraviolet light-emitting diode (LED). The performance of LED with GQBs is
examined through carrier concentrations, energy band diagrams, radiative recombination,

electron and hole flux, internal quantum efficiency (IQE), and emission spectrum. As a
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function of the operating current density, a considerable reduction in efficiency droop is
observed in the device with composition-graded quaternary barriers as compared to the
conventional structure. The efficiency droop in case of a conventional LED is ~77% which

decreased to ~33% in case of the proposed structure. Moreover, the concentration of
electrons and holes across the active region in case of the proposed structure is increased to
~156% and ~44%, respectively.

1. Introduction

Considerable attention has been directed towards the
improvement of AlxGai.xN-based deep ultraviolet light-
emitting diodes (DUV LEDSs) due to their extensive range
of promising applications, i.e., water and air purification,
medical phototherapy, ultraviolet (UV) curing, and surface
disinfection, etc. UV radiation, between 260-280 nm, is
more useful for the sterilization and purification process
[1-4]. Moreover, DUV LEDs have extensive applications
in suppressing different viruses present at different places
like hospitals, care centres, as well as in quarantine centres
[5,6]. DUV has also been reported to counteract the effects
of the coronavirus (SARS-CoV-2) severe acute respiratory
syndrome, which is the cause of the novel coronavirus
disease 2019 (COVID-19) [7]. More importantly, AlGaN
has attained a considerable attention due to its direct energy
band gap transition between 3.4 and 6.2 eV [8,9]. However,
UV LEDs still have comparatively low efficiency and
emission power compared to InxGai.xN-based visible LEDs
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[9-12]. Reasons behind the lower efficiency of UV LEDs
mainly include the presence of high dislocation density [13]
and p-doping issues in AlxGai-xN. To overcome these issues,
various solutions have been suggested by scientists such as
multiquantum barrier electron blocking layers to enhance
the device efficiency [14] and n-doped barrier to enhance
the optoelectronic characteristics [15]. Moreover, to reduce
the polarization between barrier layers and the well, a high
Al-content AlGaN layer has been employed in quantum
walls (QWSs) [16]. Band-engineered QWSs have also been
employed to enhance the device efficiency [17-20]. In
addition, engineered electron blocking layers (EBLS) have
also been used to improve the device performance [20-25]
among few other designs [26,27].

In this study, conventional quantum barriers (QBs)
AlGaN were replaced by compositional graded quaternary
barriers (GQBs) AllInGaN and their effects on the
performance of DUV LEDs were numerically analysed.
Researchers have employed AlinGaN in QWs for the UV
emission [28]. In addition, AlInGaN superlattice has been
used in EBLs [29] and graded AlInGaN barriers have also
been demonstrated [30]. AllnGaN has been successfully
grown with the pulse atomic layer epitaxy [31], as well as
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the pulsed metalorganic chemical
(MOCVD) technique [32].

vapor deposition

2. Methodology

Two different AlGaN-based LEDs have been
theoretically studied by using the state-of-the-art
simulation tool, i.e., SILENSe 5.14. LED-A consists of five
Alo45GagssN QWSs, each QW has a thickness of 2 nm. Each
QW is placed between two AlgssGag4sN QBs, the thickness
of each QB is of 10 nm. n-AlGaN and p-GaN layers are
used for the injection of charge carriers into the QWSs. The
thickness and doping concentration in an n-AlGaN layer is
of 300 nm and 5x10% cm™3, respectively while in a p-GaN
layer a thickness is of 100 nm and a doping concentration
is of 1x10%° cm™3, respectively. Moreover, a p-AlggsGagasN
EBL with a thickness of 15nm and a pdoping of
5x10% cm3 is used. LED-B is similar to LED-A except
that in LED-B compositional GQBs (AlxInyGa;N) are used
instead of AlgssGagasN QBs. The grading in the
AlxIny,Ga;N composition in the first GQB is x: 0.6 to 0.7,
y: 0.03 to 0.05, and z: 0.37 to 0.25 while for remaining

LED-A

p**-GaN (100 nm)

GQBs the composition is x: 0.7 to 0.8, y: 0.03 to 0.05, and
z: 0.27 to 0.15. The reason behind the low indium content
in the first GQB is to enhance the injection efficiency.
The schematics of both LED-A and LED-B devices is
shown in Fig. 1. Other necessary parameters used in this
work include electron mobility of 100 cm?/V-s, hole
mobility of 10 cm?V-s, SRH of 10 ns, Auger coefficient
of 1x10%°cmb/s and threading dislocation density of
1x10%cm?, The size of both LEDs is of 300x300 pm?
(Table 1).

3.  Results and discussion

In Fig. 2, the computed energy band diagrams show that
the QWs in LED-B are deeper than in LED-A. This
indicates that LED-B QWSs have better confinement of
carriers compared to shallow LED-A QWs. In addition, the
band tilt at the last quantum barrier/EBL interface is
reversed in LED-B as compared to LED-A shown by a
dotted circle in Fig. 2. The effective barrier height for holes
in LED-B is reduced which is desired for the enhancement
of hole concentration in the device active region. In LED-A

LED-B

p**-GaN (100 nm)
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Fig. 1. Schematics of LED-A and LED-B.

Table 1. Structure parameters of LED-A and LED-B.

Device structure SRH | Auger Doping Mobility Al composition in Final Thickness
(ns) | (cm®/s) (cm®) (cm?/V-s) Quantum Barrier (nm)
n p p** Hole |Electron| LED-A LED-B LED-A | LED-B
n-AlossGao.ssN 10 110730 | 5x10%8 NIL NIL 10 100 0.55 0.45 300 300
AlIn,Ga,N First QB| 10 | 1x107%° | NIL NIL NIL 10 100 055 | x=06-07, 10 10
y = 0.03-0.05,
z=0.37-0.25
(Graded)
Alo.4sGaossN QWs 10 1x1073° | NIL NIL NIL 10 100 0.45 0.55 2 2
AlxInyGa:N QBs 10 1x10730 | NIL NIL NIL 10 100 0.55 x =0.7-0.8, 10 10
y =0.03-0.05,
z=0.37-0.15
(Graded)
AlossGaossN EBL 10 1x1073¢ NIL 5x10%° NIL 10 100 0.65 0.35 15 15
p-GaN 10 1x1073° | NIL NIL 1x10% 10 100 0 0 100 100
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Fig. 2. Energy band diagrams of LED-A (a) and LED-B (b)
compared at 225 A/cm?,

and LED-B, the effective barrier height for holes is of
~362 meV and 112 meV, respectively. It is pertinent to
mention that in the multiquantum wells (MQWSs) of the
proposed structure, the electron concentration is enhanced
in comparison to the conventional structure as shown in
Fig. 3. The concentration of electrons in LED-B is
increased by ~156% compared to LED-A. This enhance-
ment is attributed to an increased barrier height for
electrons because of using GQB. From Fig. 3(a), it can be
observed that the increase in concentration of electrons in
the first QW is higher compared to other QWs. This is due
to the presence of a low Al composition in the first GQB
compared to other GQBs which enhances the electron
injection efficiency and, therefore, the concentration of
electrons is higher in the first QW.

Likewise, the hole concentration is also increased in
LED-B because of the reduction in the effective barrier
height for holes which increases the transport and injection
of holes inside the active region as shown in Fig. 3(b). The
increase in the hole concentration in LED-B is of ~44%
compared to LED-A. These results indicate that, by using
GQBs, the overflow of electrons is mitigated and the hole
injection is increased.

As a result of the increase carrier confinement in
LED-B, the overlapping probability of carriers is also
increased which results in an increased radiative recom-
bination rate. Figure 4 shows the radiative recombination
rate of two compared LEDs. In the proposed LED with
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Fig. 3. Carrier concentrations of electrons (a) and holes (b)
compared at 225 A/lcm?,
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Fig. 4. Radiative recombination of LED-A and LED-B
at 225 Alcm?,

GQBs (LED-B), the increase in the radiative recombination
rate is more than 400% with reference to LED-A.

The carrier flux with respect to the distance of the
device in Fig. 5 has also been computed and analysed.
From Fig. 5(a), it can be observed that the electrons flux
towards the p-side is almost zero in case of our proposed
structure (LED-B) as compared to the conventional
LED-A. Meanwhile, the hole flux rises from the p-side
towards the active region in LED-B as compared to LED-A
as shown in Fig. 5(b). This is due to a decrease of the
effective barrier height for holes.
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Fig. 5. Electron flux (a) and hole flux (b) comparison of two

LEDs at 225 A/lcm?.

The efficiency droop in LED-A is remarkably high
because of the conventional AlGaN quantum barriers
shown in Fig. 6. However, the efficiency droop is
significantly reduced in LED-B because of the use of
GQBs. The efficiency droop in LED-A and LED-B is of
~77% and ~36%, respectively. Therefore, in our LED-B,
not only an increased peak efficiency, but also a decreased
efficiency is proposed.

In Fig. 7(a), the peak emission wavelength of both
LEDs is nearly of 275 nm. The emission rate of LED-B is
about three times higher than LED-A for the same current
injection. This enhancement in LED-B is attributed to the
improved internal quantum efficiency which resulted from
the enhanced radiative recombination of carriers. The
emission spectrum value is of critical importance in the UV
range due to its wide range of applications. It is also
interesting to note that high Al in multiquantum wells gives
a shorter wavelength while low Al content gives a longer
wavelength as shown in Fig. 7(b).

4,  Conclusions

The optoelectronic characteristics of two LEDs, i.e.,
proposed LED (LED-B) and conventional LED (LED-A)
were investigated. In LED-B, the conventional QBs were
replaced by the compositional graded quaternary barriers
(GQ@Bs). Our results showed that the proposed device. with
a better concentration of carriers in multiquantum wells has
improved optoelectronic properties compared to the
conventional structure. In our device structure of LED-B,
the concentration of electrons and holes is increased by

0.50
045
0.40 LED-B
0.35
0.30
0.25
0.20
0.15}
0.10 }
0.05 -

0 i OO 1 1 1 1
0 50 100 150 200 250

Current density (A/cm?)

Internal quantum efficiency

Fig. 6. Internal quantum efficiency of two LEDs being
compared with respect to current density.
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Fig. 7. Comparison of spontaneous emission of two LEDs (a),
influence of aluminium quantum in the QW on emission
spectrum at 225 A/cm? (b).

~156% and ~44%, respectively compared to LED-A.
Likewise, the radiative recombination rate in LED-B is
increased more than ~400% compared to LED-A. The
efficiency droop in LED-B equals ~36% compared to a
~77% droop of LED-A. It was concluded from all
discussion that the proposed device is an efficient design
for the future UV LEDs. Since UV radiation is widely used
in sterilization and purification processes, as well as in
suppression of viruses such as coronavirus (SARS-CoV-2)
severe acute respiratory syndrome, our study can be helpful
in attaining efficient UV light-emitting diodes.
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