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The research presents on optimizing the light extraction efficiency of Deep
Ultraviolet Light Emitting Diodes (DUV LEDs) remains a critical challenge
due to severe optical losses. AlGaN DUV LEDs are essential for sterilization
and biomedical applications; however, their efficiency is severely limited by
high reflection, absorption, and scattering losses. Light Extraction Efficiency
(LEE) and External Quantum Efficiency (EQE) are targeted for improvement
by optimizing the LED package structure. Using Monte-Carlo ray-tracing
method, the simulation models photon paths including reflections,
refractions, and absorptions while considering spectral refractive indices
and surface roughness. Light-trapping mechanisms caused by Total Internal
Reflection (TIR) are identified, and the impacts of various reflectors, such as
Metallic, Distributed Bragg (DBR), and Omni-Directional Reflectors (ODR),
are evaluated in this investigation. A framework for optimizing layer
thickness and surface textures to achieve a directional radiation pattern and
higher output power is established through these findings, supporting
commercial DUV LED applications.
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A. Introduction

AlGaN-based deep ultraviolet light-emitting diodes (DUV LEDs) are garnering
substantial research interest due to their vast potential in essential applications
like communication, water sterilization, and air purification [1]. Nevertheless,
issues such as current crowding and the high resistivity inherently found in Al-rich
AlGaN layers often cause significant heat generation, shortened device lifespans,
and restricted external quantum efficiency (EQE) [2]. Consequently, optimizing the
structural architecture of the device plays a critical role in enhancing overall
performance, alongside efforts to improve epitaxial wafer crystal quality for
superior radiative efficiency [3]. Current AlGaN-based DUV LEDs are still
bottlenecked by limited optical power and low external quantum efficiency (EQE),
with sapphire-substrate devices typically yielding an EQE under 10 %. The
primary culprit behind this low EQE is poor light extraction efficiency (LEE),
caused by the high refractive index contrast between AlGaN and air. This is further
compounded by the p-GaN layer's strong absorption of DUV photons [4].
Furthermore, the dominance of transverse magnetic (TM) polarized light which
travels along the in-plane direction significantly lowers photon escape probability,
causing most TM light to exit via the sidewalls . To boost LEE, researchers have
explored various structural modifications, such as surface roughening, utilizing
nanopatterned sapphire substrates , employing advanced metal reflectors, and
designing inclined sidewalls [5].

AlGaInN LED technology with a primary focus on evaluating material
properties and implementing structural design modifications. The research
highlights a critical performance trade-off, demonstrating that device efficiency
experiences a rapid decline as the total chip area expands. This degradation is
heavily driven by significant deep ultraviolet (DUV) light absorption within the p-
GaN contact layer. However, by optimizing these parameters, the study indicates
that high light extraction efficiency (LEE) values reaching up to 83% can be
successfully achieved for 1 mm? scale chips [6]. A systematic investigation into
how encapsulation affects the light extraction efficiency (LEE) and how various
lenses influence the overall emission patterns of UV LEDs. Utilizing advanced ray-
tracing simulations, the study demonstrates that integrating a properly positioned
encapsulant with a refractive index (RI) ranging from 1.4 to 1.8 can significantly
boost the LEE from a baseline of 9.7% up to 16% for DUV LEDs that lack reflective
contacts. Nonetheless, the study notes that the absorption coefficient (AC) of the
encapsulant serves as a limiting factor for the maximum attainable LEE, suggesting
that this coefficient should ideally remain below 3 cm? to ensure optimal optical
output [7]. Ray-tracing simulations were comprehensively executed to evaluate
various structural concepts for deep ultraviolet (DUV) LEDs. The authors highlight
that while highly efficient DUV LED designs have recently achieved notable
breakthroughs such as demonstrating an external quantum efficiency (EQE) of
10.4% for a 278 nm AlGaN DUV LED performance challenges remain prevalent. In
particular, typical EQE values for conventional DUV LEDs consistently fall below
5%, and this efficiency degrades sharply to a mere 10 % in the case of shorter-
wavelength 210 nm AIN LEDs [8].

In this study describe an analysis of enhancing the optical performance of
AlGaN-based Deep Ultraviolet Light Emitting Diodes (DUV LEDs) using the Monte-
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Carlo ray-tracing method. The research demonstrates that the optical performance
of AlGaN-based DUV LEDs packages significantly enhanced through systematic
design optimization. The Monte-Carlo ray-tracing method is an essential tool for
identifying energy loss areas, such as light trapping due to total internal reflection
and material absorption.

The paper is conducted with six sections. General introduction of AlGaN-
based DUV LEDs that contains background of the problem and theoretical basis are
described in this first section. Section B presents research methodology and detail
analysis process. Section C illustrates the numerical evaluation of refractive indices
and photon escape cone fractions relative to different emission wavelengths.
Section D investigates the material absorption effects, specifically focusing on the
sub-bandgap absorption characterized by the Urbach tail. Section E discusses the
light extraction efficiency (LEE) enhancement results simulated through the
Monte-Carlo ray-tracing method under various reflector and texturing designs.
Finally, Section F provides the comprehensive summary and future scope derived
from this research work.

B. Research Method

The main aim is to to enhance the optical performance of DUV LED package
structures using Monte-Carlo ray-tracing method. Figure 1 describes the steps for
research methodology. There are five steps to complete the research work. The
first step is the important step, which is the selection of appropriate materials for
DUV LEDs. The second step is to model a DUV LEDs structure that will be
compatible with the physical parameters of the chosen materials. The third step is
to design the simulation of DUV LEDs based on AlGaN materials in ray-tracing
algorithm. The next step is to evaluate the dependencies of light-extraction
efficiency by considering factors such as reflection, refraction, absorption and
scattering within the device. The last step is to comparing the influence of LEE with
the reflectors in the AlGaN DUV LEDs.

@

Select the appropriate materials for DUV LEDs

- 4

Model a DUV LEDs structure that will be compatible with
the phvsical parameters of the chosen materials

- i

9 Design the simulation of DUV LEDs based on AlGaN
materials in ray-tracing algorithm

" Evaluate the dependencies of light-extraction efficiency
by considering factors

Compare the influence of LEE with the
reflectors in the AlGaN DUV LEDs

Figure 1. Precodures of Research Methodology
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Figure 2 illustrates the schematic structure of the AlGaN-based DUV LED,
grown on a sapphire substrate using metal-organic vapor-phase epitaxy (MOVPE).
The epitaxy process begins with a 1.5 um thick AIN buffer layer deposited on the
sapphire substrate, followed by a 3 um thick Si-doped n-type AlGaN contact layer.
The active region consists of five 3 nm thick Alo4+GaosN quantum wells isolated by
six 10 nm thick AlossGao.4sN barrier layers, designed to emit at a peak wavelength
of 273 nm. On top of this active region, a 25 nm thick Mg-doped p-type electron
blocking layer (EBL) is grown, succeeded by a 50 nm thick p-type Al-graded AlGaN
layer and a 200 nm thick p-type GaN contact layer. Following the growth process,
thermal annealing was performed at 850°C for 30 minutes to achieve Mg
activation. To enhance light extraction, the integrated Omni-directional Reflector
(ODR) structure utilizes a 46 nm thick SiO2 layer paired with a 100 nm thick
Aluminum layer, designed to yield maximum reflectivity at the 273 nm emission
wavelength.

Top Emission

L e
M Reflective Metal Layer
\
\
N\

(Al)

p- GaN: Mg Thin Dielectric Layer
p-Al,Ga,s N: Mg EBL A (SiOp)

n-AlGaNSi
- n-contact

AIN Buffer Layer

Sapphire Substrate

Figure 2. Schematic Structure of AlGaN-based DUV LED

Analytical Method

Monte-Carlo ray-tracing simulation serves as a powerful computational
approach to analyze light propagation and optimize the light extraction efficiency
(LEE) of AlGaN-based deep ultraviolet light-emitting diodes (DUV LEDs). By
stochastically modeling the individual trajectories of photons emitted from the
multi-quantum well (MQW) active region, this method systematically tracks their
interactions at various material boundaries. The simulation incorporates critical
wavelength-dependent optical parameters such as spectral refractive indices (n)
and absorption coefficients for the AlGaN epilayers, AlGa buffer layer and contact
layer while rigorously accounting for physical phenomena like Fresnel reflection,
transmission, total internal reflection (TIR), and surface scattering. Ultimately, this
modeling framework identifies precise loss mechanisms and far-field radiation
profiles, enabling the strategic optimization of device structures, index-matching
layers, and advanced reflector configurations to overcome the intrinsic efficiency
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bottlenecks of DUV optoelectronic devices. Figure 3 shows the flowchrt of Monte-
Carlo ray-tracing algorithm.

Jefine Parameters of
Modeling DUV LEDs
Structure

»| Define Track Ray Path and
Material Properties

'

Initialize Detect Interface
Intersection

Is Photon
Absorbed?
No

Compute Optical Interaction

|| Define Reflector | _N° 5565 ray hit withi
Interaction scape Cong2
¢ Yes

Successful Output Photon

'

Statistical Aggregation and
Output Data

Figure 3. Flowchart of Monte-Carlo ray-tracing

—1 Internal Losses

The Monte-Carlo ray-tracing method is a statistical approach used to model
photon propagation within multi-layered optoelectronic structures like AlGaN-
based Deep Ultraviolet (DUV) LEDs. The simulation begins at Step 1 (Photon
Generation) in the Multi-Quantum Well (MQW) active region, where initial photon
rays are generated with random positions, launch angles, and specific polarization
states (TE or TM model). In Step 2 (Track Ray Path & Material Properties), the
step-by-step travel distance inside layers such as AlGaN, AIN, and Sapphire is
calculated by applying the spectral refractive index (n) and absorption coefficient
(a). Next, Step 3 (Interface Intersection Detection) determines the precise
coordinates where the ray intersects an internal hetero-interface or external
device boundary. At this stage, a critical decision is made regarding bulk material
absorption: if yes, it leads to Internal Loss where the ray terminates; if no, it
proceeds to Optical Interaction to compute Fresnel coefficients and surface
roughness scattering equations. Following this, the algorithm evaluates if the ray
hits within the Escape Cone. If it is trapped by Total Internal Reflection (TIR), it
goes to Step 5 (Reflector Interaction), where it interacts with the bottom reflector
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(Metallic, DBR, or ODR) to calculate angular reflectivity and redirect the ray path
upward back into the loop Step 2. Conversely, if the ray falls within the escape
cone, it moves to Step 6 (Ray Escaped), successfully transmitting into the
surrounding air or package as an output photon. Finally, Step 7 (Statistical
Aggregation & Output Data) aggregates the overall data to calculate the Light
Extraction Efficiency (LEE) and plots the Far-field Radiation Intensity Profile and
Angular Distribution Graphs.

C. Optical Properties of AlGaN DUV LED

The AlGaN DUV LED is composed of Aluminum Nitride (AIN) and Gallium
Nitride (GaN), where the relative proportions of Al and Ga determine the bandgap
energy. The bandgap of AlGaN can be adjusted by varying the aluminum content
for emitting in the deep ultraviolet (DUV) spectrum.

The general formula for the bandgap energy of an AlGaN DUV LED is

Eg, = Eg(AIN).x+ Eg(GaN).(l— X) (D

Where; Eg(AIN)

= Aluminum mole fraction.
The bandgap energy directly correlates with the wavelength of the emitted
light from the LED.

= Bandgap of pure AlN, Eg(GaN) = Bandgap of pure GaN and x

E = he/A 2)

Where; E = Energy of the photon (]), h = Planck's constant, c = Speed of
light and A = Wavelength of emitted light (m).

Refraction of light occurs when a beam of light is incident at 61 from a
substance with refractive index (RI) n1 to a substance with RI nz. Snell’s law gives
the relationship between the angle of incidence 01 and refraction 62 at an interface
with different RI n1 and n2 (n1 > n2). The refractive index is a function of the
wavelength and the Al molar fraction which has been established using results
from Brunner et al. [4].

n2 (A,x)=A(x) {%} [2- /IJ{%j- / -[%\ +B(x) (3)

A(x)=3.17 +/x +9.98 (4)
B(x)=2.66-2.2x (5)

Where, A(x) and B(x) is composition-dependent numerical parameters for
AlxGal-xN.

Total internal reflection (TIR) means that when the incident angle of the light
beam exceeds the critical angle 6 (assuming @ = 90°). This angle is defined as a
light escape cone, in which light can escape from the semiconductor. TIR reduces
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the efficiency of light extraction, and only a fraction of the light can be extracted
from the DUV LEDs chip.

nsind, =n,, sin® (6)
n.

0, =sin &L 7

 =sin? 7

S

Where, n,is Refractive index of Alo4«GaosN DUV LED, n,, = Refractive index of

air , 0. is critical angle of Alo.4GaosN DUV LED, and & is the angle of refraction

Cc
rays.

The total fraction of light that is emitted into the light escape cone.The ratio
of the output power of the light escaping to the total power represents the
theoretical light extraction efficiency (LEE) for a point source within a
semiconductor material. The amount of light capable of escaping is directly
determined by the critical angle 0, .

D. Absorption Coefficient (a) of AlxGai-xN/AlyGa1-yN DUV LED

The absorption coefficient (o) is one of the most important optical
parameters in an LED, especially UV and DUV LED. It determines how much light is
lost inside the device before it escapes. A semiconductor absorbs light only if the
photon energy is higher than the bandgap energy and that the semiconductor is
transparent for photon energies below the bandgap. However, semiconductors do
absorb below-bandgap light, although with a much lower absorption coefficient. In
idealized semiconductor at low temperature, the absorption coefficient versus
energy is:

o = @ (direct gap) (8)

An idealized semiconductor has a zero band-to-band absorption coefficient
at the bandgap energy (E=Eg,). The absorption of below-bandgap light is

expressed in terms of an exponentially decaying absorption strength, known as the
Urbach tail.

E‘E%} 9

o =a, exp{ =
U

where, o = Absorption coefficient, E = Energy of the photon (eV), Eg, =
Bandgap energy of AlosGaosN (eV) , C = Material factor of AlGaN, o,=

Experimental determined absorption coefficient at the bandgap energy, Eu =
Urbach energy.

A rough surface scatters the light rays, changing their direction and
allowing more photons to travel towards the surface and out of the chip. In AlGaN-

https://doi.org/10.33022/ijcs.v15i4.5221 6145


https://doi.org/10.33022/ijcs.v15i4.5221

The Indonesian Journal of Computer Science

based DUV LEDs, surface roughness acts as scattering centers that redirect
photons. Controlled texturing enhances light extraction, whereas uncontrolled
roughness reduces efficiency and distorts emission angles. Rough surfaces often
correlate with higher dislocation emergence and non-radiative recombination
sites. The surface roughness standard deviation (¢ = 10-50 nm) is assumed to
represent engineered nano-textured surface, which produce measurable scattering
and reduce specular reflectance [7]. The angular distribution of scattering
describes how optical power is redistributed into different propagation directions
after light interacts with a surface or medium. When light encounter a perfectly,
smooth surface, the reflection and transmission directions are defined by Snell’s
law.

The Fresnel transmission coefficients describe how much of an incident
electromagnetic wave is transmitted across an interface between two media.

4n.n_, cos 0 cos 0,

For TE mode (S-polarization), T, (0,)=——" 5 (10)
(naircos 0,+n.cos Ot)
an.n_. 0 0
For TM mode (P-polarization), T,,,(0,)= N4 €05 9,008 By 5 (11)
(nscos 0.+n, cos Gt)
T T
For Average Transmission Coefficient, T(0,)=—=5 (e°)-; (%) (12)
For Diffuse Light intensity angular distribution,
4rcos 0, )
| ()= I,c08 GCT(OC)exp{l—[—m;s j } (13)

Light Extraction Efficiency is the ratio of the total light that exits the device
(Iout) to the total light generated inside the device (Iin).

_ z Idiff (ec)
1Alextraction - z Iin (ec) (14)

Reflectors of the Alo.4+Gao.sN DUV LED

Reflectors are critical components integrated into LED structures to
redirect light towards the useful emission window and minimize internal losses. A
reflector between the substrate and the LED active layers prevents light
absorption in the substrate. The reflected light then escapes through the top
surface of the semiconductor. The quality of a reflector directly determine
Quantum Efficiency (EQE) of the device. Types of reflectors used in LEDs, they are
Metallic Reflectors, Distributed Bragg Reflectors (DBR), and Omni-Directional
Reflectors (ORD). The reflectivity of the reflectors at the interface of a
semiconductor and metal is given by;
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(N, —Ny)°+ky

For Metallic Reflector, R= n (15)
(n,+n,,)*+k}
n 2
1-()"
n
For Distributed Bragg Reflectors (DBR), R=| ————— (16)
n
1+ 7a)2m
n

S

For Omni-Directional Reflectors (ODR),

oo L =)0, )40, 0K 4[4k, +n 40)(0 =1, )

[(n,+n,)(0g+n, )+, —n K2 T + [0+, )k, (0, —n, (0, —n,)]

(17)

Internal Quantum Efficiency (IQE) is defined as the ratio of radiative
recombination to the total recombination rate.

Bn’
The ABC model equation for IQE , n, =——— 18
q QB M= A BnZecn? (18)
The Optical power emitted from the active region is defined as
I
P int =nintx_xh‘9 (19)
e

The Single-Bounce Model provides a simplified estimation of the Light
Extraction Efficiency (LEE) by assuming that photons strike either the escape cone
or the back reflector only a single time. However, in a practical light-emitting diode
(LED) structure, the majority of photons generated within the active region
emitted outside the critical angle experience Total Internal Reflection (TIR). These
trapped photons do not escape immediately; instead, they undergo multiple
internal reflections, bouncing repeatedly between the semiconductor interfaces
and the back reflector until they either escape into free space or are parasitically
absorbed within the device layers. To model this repetitive photon-recycling
mechanism accurately, the Multiple Internal Reflections Model is utilized. This
comprehensive analytical approach integrates both the physical properties of the
reflector and the optical losses within the thin-film structure. The Light Extraction
Efficiency (LEE) varies significantly depending on the type of reflector used in the
DUV LED design.

1+Re™

—_ 20
1—Rcosf e (20)

1
Mextraction = E (1 - COSGC )X

Light Extraction Efficiency (LEE) is defined as the ratio of the output power
to the internal power.
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P

out — Mextraction

x P,

it (21)
Far-Field Radiation Pattern of AlGaN DUV LED

To evaluate the optical extraction performance of the Aluminum Gallium
Nitride (AlGaN) based deep ultraviolet (DUV) light-emitting diode (LED), it is
essential to analyze its far-field radiation pattern. The far-field intensity
distribution, denoted as I(\theta), represents the angular dependence of the
emitted optical power in the air surrounding the device. When integrating an
omni-directional reflector (ODR) at the bottom layer, the final far-field radiation
profile is governed by a combination of the quantum well's intrinsic emission,
microcavity interference effects, and top-surface transmission limits. The
analytical formulation for the angle-dependent far-field intensity [(0) can be
expressed as:

10)=T, (01 14100 O )€ 2 (0) | T (6) (22)

Where, 1,(0,,) is the intrinsic angular emission profile within the active

region (Multi-Quantum Wells). Due to the high Al-content in DUV LEDs, the optical
polarization shifts predominantly toward the Transverse Magnetic (TM) mode,

which exhibits a sin®0,, distribution, alongside the standard Transverse Electric

(TE) mode possessing a 00526int profile. The r,,;(6,,)is the complex reflection

coefficient at the ODR interface, derived dynamically using the Transfer Matrix
Method (TMM) based on the optical admittances of the AlGaN, dielectric (SiOz),
and backing metal (Al) layers. The 2 ¢ 0. represents the phase delay experienced
within the semiconductor cavity length dcavity between the MQWs and the ODR
interface, defined as;

int

2n
¢(eint ):Tnsdcavitycoseint (23)

Where, T, (0)is the Fresnel transmission coefficient at the flat top

semiconductor-to-air interface.

E. Results and Discussion

This section presents the results and discussion of light extraction efficiency
for each simulation models for AlGaN-based DUV LEDs by using Monte-Carlo ray-
tracing algorithm.

The bandgap energy evaluates the structural and optical characteristics of
an AlGaN-based DUV LED by varying the aluminum (Al) composition (x) from 0.4
to 0.6. Based on the fundamental input parameters, where the bandgap energies of
AIN and GaN are set to 6.2 eVand 3.4 eV respectively. The relationship between the
aluminum mole fraction and the alloy's energy bandgap (Eg). Specifically, as the
aluminum content increases from x = 0.4 to x = 0.6, the bandgap energy increases
linearly from 4.52 eV to 5.08 eV.
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Consequently, this broadening of the energy bandgap directly alters the
optical emission properties of the DUV LED. Due to the inverse relationship
between energy and wavelength, the increasing bandgap forces in the emission
wavelength toward the shorter DUV spectrum. The emission wavelength dropping
from 273 nm at x = 0.4 down to 243 nm at x = 0.6. This confirms that the target
emission wavelength within the deep ultraviolet range precisely tuned by
controlling the Al alloy composition.

Refractive Index (n) vs Wavelength () for AlGaN

2.945

T

294

2.935

T

2931

Refractive Index (n)

2.925 |-

292

—— sk | . . . |
275 | 2700 265 260 255 250 245 240
Wavelength A (nm)

Figure 4. Variation of Refractive Index with Wavelength for AlIGaN Material

Furthermore, the simulation of Figure 4 tracks how these shifting
wavelengths affect the material's refractive index (n), which is crucial for light
propagation and extraction efficiencies. As the tuned emission wavelength
shortens from 273 nm to 243 nm (corresponding to the higher Al concentrations),
the refractive index of the AlGaN material exhibits an upward trend, increasing
from approximately 2.915 to 2.947. This behavior indicates that shorter DUV
wavelengths experience a stronger interaction with the material matrix, a critical
factor to account for when designing subsequent light extraction and reflector
structures.

Table 1. Refractive Index (ns), 6c and Fraction of Light Escaping AlGaN DUV

LED Active Layer to Air
X Bandgap Wavelength Refractive Critical Fraction of
content (eV) (nm) index angle light
escaping
0.4 4.52 273 2.915 20° 3.03%
0.45 4.66 265 2.926 19.98° 3.01%
0.5 4.8 257 2.931 19.95° 3%
0.55 494 250 2.942 19.87° 298 %
0.6 5.08 243 2.947 19.94° 297 %
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The critical relationship between the refractive index (n) and the fraction
of light emitted into the escape cone for an AlGaN DUV LED. It is highly evident
from the data that an inverse relationship exists between these two parameters; as
the refractive index increases, the fraction of escaping light steadily decreases.
Specifically, the light fraction drops from its maximum value of approximately 3.03
% at a refractive index of 2.915 down to its minimum value of 2.97 % when the
refractive index reaches 2.947. This downward trend highlights that a higher
refractive index restricts the escape cone, thereby trapping more photons within
the semiconductor material. Consequently, optimizing the refractive index is
essential to minimizing internal reflection and significantly improving the overall
light extraction efficiency of the DUV LED.

Table 2. Calculated Value for Absorption Coefficient of Alo4+GaosN DUV
LED using Parameters

Parameters Symbols Calculated Values
Photon Energy E 4.54 eV
Bandgap of GaN Eg(GaN) 3.4 ¢V [8]
Bandgap of AIN Eg(AIN) 6.2 eV [8]
Bandgap of Alo.4Gao.sN Egx 4.52eV
Material factor of AlGaN C 1.8x10"cm™eV Y2 [8]
Absorption Coefficient a 1.3854 x10*cm™
Extinction Coefficient k 0.03
Light Path Length L L 6.5 ucm
Absorbance A 0.0391

N 10% Absorption Coefficient (Linear Scale)
1 T
|
E( X //"‘
8 e
7

/

a(E) cm™)

0 1 2 3 4 5 6 7 8 9 10
Photon Energy E (eV)

Figure5. Absorption Coefficient of Alo4GaosN DUV LED with Bandgap Egx
Versus Photon Energy Eg

For photon energies below 4.52 eV, the absorption coefficient o(E) is
virtually zero as shown in Figure 5. In this region, the material is transparent to the
photons generated at the junction . As the photon energy increase beyond E, the
absorption coefficient a(E) rises rapidly and non-linearly. Above 6 eV, , the
absorption coefficient a(E) reaches a high value, nearly 1x10*cm™. The behavior
indicates that the photon are being strongly absorbed.

https://doi.org/10.33022/ijcs.v15i4.5221 6150


https://doi.org/10.33022/ijcs.v15i4.5221

The Indonesian Journal of Computer Science

Absorption Coefficient (Semi-Log Scale)

10 T
1

1
T=IRY

10° !
/|

10—10

102 /

a(E) (cm™)

.30 H
10 !
0 1 2 3 4 5 6 7 8 9 10

Photon Energy E (eV)

Figure 6. Absorption Coefficient Versus Photon Energy (Showing Urbach
Tail Region below Bandap Energy)

For E < Egx, the absorption coefficient a(E) decreases exponentially as the
energy E decreases in Figure 6. The a(E) dropping so rapidly to very low values
10x10*cm™ below E is essential, ensuring minimal self-absorption of the emitted
light.

Urbach Tail Absorption Coefficient Below Bandgap

10

10 /7

102 +E_xr 4.52eV

\
N

10 7

o (E) (cm'l)
N\,

N

2
10
35 36 37 38 3.9 4 4.1 42 43 44 45

Photon Energy E (eV)

Figure7. Urbach Tail Absorption Coefficient Below Bandgap

The exponential dependence of the absorption coefficient \alpha(E) on the
incident photon energy E below the optical bandgap. The y-axis displays the
absorption coefficient on a logarithmic scale ranging from 107%to 10 cm™, while
the x-axis represents the photon energy in electron-volts. The linear slope of the
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blue curve on this semi-logarithmic plot confirms the exponential growth
characteristic of the Urbach tail region. A specific reference point is indicated at an
energy level of Egx = 4.52 eV, where the absorption coefficient approaches its
maximum illustrated value near 10°cm™. The calculated values of o, k, A and Light
Intensity for AlGaN-based DUV LED using Parameters shown in Table 3.

Table 3. Calculated Value for a, k, A and Light Intensity for AlGaN-based

DUV LED

Wavelength Bandgap Extinction Absorption Absorbance Light
(nm) (eV) Coefficient, k  Coefficient a (em™!) A Intensity
273 4.52 0.03 1.3854 x10*cm™ 0.0391 914 %
265 4.66 0.0264 1.2498x10%m™ 0.0353 92.2%
257 4.8 0.0284 1.3903%10%cm™ 0.0392 91.36 %
250 4.94 0.0241 1.2096x10"cm™ 0.0341 92.4 %
243 5.08 0.0244 1.2608%x10%cm™ 0.0355 92.1%

In Figure 8, as the absorption coefficient aon the horizontal axis increases
(moving from approximately 1.2096x10*cm™*to 1.3854x10°cm™. The light
intensity percentage on the vertical axis decreases (dropping from about 92.4 %
down to 91.36 %). To achieve high external efficiency and maximum output light
intensity , the absorption coefficient « must be minimized.
Absorption Coefficient vs Light Intensity
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Figure 8. Absorption Coefficient Versus Light Intensity of AlGaN DUV LED

As shown in Figure 9, increasing the surface roughness from 10 nm to 50
nm significantly improves the Diffuse LEE percentage. The efficiency experiences a
sharp rise in the initial stages, jumping from 12.774% at 10 nm to 58.929% when
the roughness reaches 30 nm. Beyond 30 nm, the growth rate begins to slow down,
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indicating a gradual saturation effect in the scattering behavior. Ultimately, the
highest Diffuse LEE of 70.315% is achieved at the maximum simulated surface
roughness of 50 nm.

Diffuse LEE vs Roughness (o)
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Figure 9. Impact of Surface Roughness on LEE

LEE vs Reflectivity (Multiple Internal Reflections Model)

Multiple Reflections Model
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Figure 10. Calculated LEE as the function of reflector reflectivity using
Multiple Internal Reflections Model

As the reflector reflectivity (R) increases, the light extraction efficiency
(LEE) increases exponentially according to the Multiple Internal Reflections Model.
It compares three types of reflectors, showing that the Metallic Reflector achieves a
42.15% LEE and the DBR Reflector achieves a 44.96 % LEE as shown in Figure 10.
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Among the data points, the ODR Reflector performs the best, reaching the highest
Light Extraction Efficiency at 51.89 %.

The performance comparison of the Alo4GaosN DUV LED configurations
using Metallic, DBR, and ODR reflectors under a constant injection current of [ = 20
mA. With the Internal Quantum Efficiency (IQE) fixed at 40% across all types, the
variance in output performance is directly dictated by the Light Extraction
Efficiency (LEE). The Metallic reflector serves as the baseline, exhibiting an LEE of
32.9 %, which corresponds to an External Quantum Efficiency (EQE) of 13.16 %
and an output power of 11.96 mW. Implementing a Distributed Bragg Reflector
(DBR) introduces a moderate improvement, elevating the LEE to 34.6 %, the EQE
to 13.84 %, and Pout to 12.58 mW.

The most significant performance enhancement is achieved by the Omni-
directional Reflector (ODR), which records the highest LEE of 382 %.
Consequently, it delivers a peak EQE of 15.28 % and a maximum output power of
13.89 mW, highlighting the ODR's superior capability in maximizing photon
extraction compared to traditional metallic and DBR structures.

AlGaN DUV LED Far-Field Radiation Pattern with ODR

3

180

270

Figure 11. Simulated far-field radiation pattern of the AlGaN-based DUV
LED integrated with an omni-directional reflector (ODR)

The far-field radiation pattern was simulated using a numerical framework
validating the ODR-enhanced microcavity structure at a target DUV wavelength of
273 nm. The ODR structure consists of a quarter-wave SiO2 layer (d =4.55 nm)
paired with a highly reflective Aluminum (Al) backing layer.

The resulting polar plot Figure 11 illustrates the angular optical
redistribution: The interaction between the directly emitted upward waves and
the back-reflected waves from the ODR introduces constructive and destructive
interference nodes. By controlling the cavity thickness dcavity, the far-field pattern
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can be reshaped from a standard broad Lambertian profile into a more directional,
surface-normal concentrated beam. Due to the relatively large refractive index
contrast between AlGaN (n = 2.915) and air (n = 1.0), a significant portion of the
oblique light gets trapped inside the planar structure. The far-field intensity
sharply curtails as it approaches the critical angle limit.

The analytical model provides a foundational baseline for optimizing the
physical dimensions of AlGaN layer structures before fabricating advanced surface-
textured or mesa-sidewall layouts to maximize the overall Light Extraction
Efficiency (LEE).

F. Conclusion

In the study, the optimization of light extraction efficiency (LEE) and optical
performance in AlGaN-based Deep Ultraviolet (DUV) Light-Emitting Diodes (LEDs)
utilizing the Monte-Carlo ray-tracing method. The structural and optical
characteristics were systematically evaluated by tuning the aluminum (Al)
composition from x = 0.4 to 0.6, which effectively shifted the peak emission
wavelength from 273 nm to 243 nm within the target DUV spectrum. The
numerical analysis revealed a critical inverse relationship between the refractive
index of the AlGaN layer and the photon escape probability; as the refractive index
increased from 2.915 to 2.947 at shorter wavelengths, the single-bounce escape
cone fraction restricted steadily from 3.03% down to 2.97%, thereby magnifying
the light-trapping effects caused by Total Internal Reflection (TIR) and severely
limiting the baseline LEE.

To mitigate these severe optical trapping and material absorption losses,
including the sub-bandgap absorption characterized by the Urbach tail, the
implementation of optimized surface texturing and high-reflectivity
electrode/reflector configurations was investigated. The simulation results
indicate that combining controlled surface scattering properties with a highly
reflective bottom mirror layer establishes an effective mechanism for recycling
trapped photons through multiple internal reflections, thereby significantly
enhancing the overall LEE. The study establishes a practical framework and
guidelines for optimized, high-efficiency AlGaN DUV LED fabrication.
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