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Abstract— In this simulation study, we replace the p-GaN and
p-Alo.ssGao.ssN layers with graded p-AlxGaixN layer (x = 0.65—0)
to improve the light extraction efficiency and internal quantum
efficiency (IQE). This enhances the hole supply by varying the
polarization charge density (also reduces the resistivity of the p-
AlGaN layer), increases the hole concentration by ~2.5-fold in the
final proposed structure, and enhances the radiative
recombination rate in the active region. This increases the
maximum IQE by ~49% in the final proposed structure.
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I. INTRODUCTION

The aluminium gallium nitride (AlGaN)-based ultraviolet
(UV)-C light-emitting diodes (LEDs) have inherent
advantageous properties, such as, nontoxic material
composition, high durability, compactness, long lifespan, and
low power consumption, that makes them ideal for a wide
range of applications in disinfection, water purification,
medicine, food processing, polymer curing, non-destructive
inspection, spectroscopy and many more [1]. Thus, AlGaN is
also a potential candidate for UV-C LEDs with properties
such as a direct bandgap and high breakdown voltage [2].
AlGaN bandgap varies from 3.42 eV to 6.2 eV, which covers
emissions from 200-365 nm [2].

The AlGaN-based UV-C LEDs still underperform due to the
lower external quantum efficiency (EQE). The EQE of UV-
C LEDs depends on the light extraction efficiency (LEE) and
the internal quantum efficiency (IQE), i.e., EQE = LEE x IQE
[3]. The IQE is the measure of the number of photons emitted
from the active region with respect to the number of charge
carriers injected into the active region, and LEE is the
measure of the number of photons emitted from the free space
with respect to the number of charge carriers injected into the
active region [4]. Due to its highly resistive nature, the ohmic
contact of LEDs at the p-region cannot be fabricated directly
onto the p-AlGaN layer [4]. Thus, the p-GaN layer serves as
a contact layer at the p-side [4]. The holes of the p-GaN layer
are restricted by the p-AlGaN barrier during the transport [4].
Also, the LEE is affected by the p-GaN layer as it absorbs
most of the emitted light, less than 365 nm [4].

Thus, in this simulation study, we attempt to improve the LEE
and IQE by replacing the p-GaN and p-AlossGao3sN layers
with a graded p-Alo.¢sGao3sN layer (p-AlosGao3sN to GaN).
The simulation has been performed using the Advanced
Physical Models of Semiconductor Devices (APSYS)
crosslight software to characterize the same.

II. LED STRUCTURE AND PARAMETERS

Fig. 1 shows the reference LED structure (sample A)
consisting of three regions, i.e., p-i-n. The reference structure
consists of the following epitaxial layers given in Table 1. In
the proposed sample B, the p-GaN layer is removed in order
to improve the LEE and IQE, whereas, in sample C, the p-
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Fig. 1 Schematic of AlGaN- based UV-C LED of reference structure (sample
A), sample B (without the p-GaN layer), and sample C (with graded p-
AlGaN layer).

GaN and p-AlpssGag3sN layers are replaced with graded p-
Al:GaixN (x = 0.65—0) for improving the hole supply, the
LEE, IQE and hence, the eternal quantum efficiency (EQE).

Table 1. Epitaxially grown AlGaN-based UV-C LEDs

o Thickness Doping

S. No. Epitaxial Layer (nm) (cm™)

1 p-GaN 5 2x10'8

2 p-AlpssGagssN 50 1x10"7

3 p-Alo_94Ga0_05N 2.7 1x10"7
4 i-Alg 65Gag3sN 19 Undoped
5 i-A10_52Gao_4gN 2.8 Undoped
6 i-Alg 65Gag3sN 9 Undoped
7 i-A10_52Gao_4gN 2.8 Undoped
8 i-A10_55G30_35N 9 Undoped
9 i-A10_52Gao,48N 2.5 Undoped
10 i-A10_55G30_35N 9 Undoped
11 i-Alg 65Gag3sN 14 Undoped

12 n-AlyesGag3sN 550 2x10'8

III. RESULTS AND DISCUSSIONS

The LEE degradation due to the p-GaN layer is the primary
issue in the AlGaN-based UV-C LEDs as it absorbs all the
emitted light less than 365 nm [4]. Also, the highly resistive
nature of the p-AlGaN layer restricts the direct fabrication of
ohmic contact on the p-AlGaN layer [4]. Thus, to mitigate
these issues, we introduce a simulation-based study by
replacing the p-GaN and p-AlGaN layers with the graded p-
AlGaN layer. First, we remove the p-GaN layer (sample B)
from the reference sample to prevent the absorption of
emitted light (less than 365 nm) from the active region to
improve the LEE and IQE. Now, p-contact is made with the
p-AlossGaossN layer, having a bandgap of ~4.99 eV,
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rejecting the absorption of light ~276 nm (hv~4.49 eV, not
shown) emitted from the active region. However, the highly
resistive p-AlGaN layer has fewer holes, which further needs
to be overcome by the high energy EBL (p-Alo.0sGao.osN,
hv~5.92 eV) [4]. The fewer holes at the p-Alps5Gao3sN and
the high energy EBL increase the operating voltages in
samples A and B. But, in sample C, we replace the p-GaN
and p-Alo.¢sGag 3sN with graded p-Al:Ga;-N (x = 0.65-0) to
improve LEE and IQE. Also, the advantage of performing
grading from x = 0.65 (Alp.s5Gao.osN) to x = 0 (GaN) in the
growth direction lies in indirectly restricting the direct
fabrication of p-contact on the p-AlGaN layer. The variation
of Al composition (x) in the graded p-Al,Ga;-,N layer varies
the polarization charges, enabling the generation of holes in
the p-AlGaN layer and reducing the resistivity of the p-
AlGaN layer [5]. The reduction of resistivity reduces resistive
losses and, hence, reduces the operating voltage in sample C,
shown in Fig. 2. The operating voltage of samples A, B, and
C are 19.8, 10.3, and 5.55 V, respectively. The operating
voltage has been reduced by ~1/3 in sample C and ~1/2 in
sample B compared to sample A. The holes generated by the
variation in polarization improves the hole supply, which
increases the hole concentration in the active region, as
shown in Fig. 3. The hole concentration in the case of sample
C (4.45x10'® cm™) is improved by ~2.5-fold compared to
sample A (~1.8x10'® cm™3), whereas the same for sample B
is improved by ~1.5-fold compared to sample A at a current
density of 200 A/cm?. Thus, the reduced light absorption due
to the removal of the p-GaN layer (improved LEE), lower
resistive losses, and enhanced hole concentration improves

the radiative recombination (RR) rate in the case of sample C
(13.8x10% cm™3s™!) by ~4-fold and ~2-fold compared to
sample A (~2.65x10% cm s '), and B (~6.75x10% cm3s71),
respectively at a current density of 200 A/cm?, depicted in
Fig. 4. The enhanced RR rate increases the IQE in the case of
sample C compared to other samples, shown in Fig. 5 at a
varying current density 0 to 200 A/cm? The IQE and
efficiency droop of samples A, B, and C are calculated using
the following equations [3]
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where A, B, C, n, Nmax, N200/cm? are the SRH lifetime (in
sec), RR coefficient (in cm®/s), Auger coefficient (in cm®s),
electron concentration, maximum IQE, and IQE at 200
A/cm?, respectively. Thus, the maximum IQE of samples A,
B, and C are ~37, ~46, and ~55%, respectively, at a varying
current density of 0 to 200 A/cm?. The maximum IQE of the
proposed structure (sample C) is improved by ~49% and
~24% compared to samples A and B, respectively. The
improvement in the IQE is due to the enhanced RR rate,
which is further improved with reduced resistive losses and
increased hole concentration in the active region. The
efficiency droop is also restricted to a lower value in the case
of sample C (4%) compared to samples A (~62%) and B
(~45%), respectively. Thus, with this simulation study, we
conclude that the final proposed structure is practically
realizable for improving the performance parameters (RR
rate, LEE, IQE, and hence the external quantum efficiency)
of AlGaN-based UV-C LED.

IV. CONCLUSION

Replacing the p-GaN and p-AlpssGag3sN layers with graded
p-AlGa;N(x=0.65—0) reduces the resistive losses, enhances
the hole concentration (by ~2.5-fold), which increases the RR
rate (by 4-fold) in the final proposed structure. This improves
the IQE of the final structure by ~49%. Also, the absence of
the p-GaN layer is expected to cause improvement in the LEE
of the final proposed structure.
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