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This study presents a gallium nitride (GaN) based light-emitting diode (LED) structure
with nine period of 2nm/3nm thick n-type Ino.osGao.osN/Alo.1sGao.ssN electron blocking
layer (EBL) inserted between the active region and n-GaN cladding layer is numerically
designed, and examined using physical device simulator SILVACO. The proposed
structure is compared with the p-AlxGaa-xN EBL cladding layer. The obtained results
indicate that, the introduction of InGaN layers in n- type EBL seems to be an efficient
solution to decrease electron overflow and enhance hole injection efficiency by keeping
a low indium concentration. The droop is improved from 25.07% to 34.57% when we
switch from p-type Alo.15Gao.ssN to n-type Ino.osGao.osN/Alo.15Gao.ssN.

1. INTRODUCTION

Light-emitting diodes (LEDs) have many advantages,
efficient, high durability, low production cost, and can be
integrated into technology architectures for digital display
applications. For several years, III-N semiconductors have
dominated the light-emitting diode industry, due to their opto-
electronic properties. In general, p-type p-AlkGaq-«N electron
blocking layer (EBL) was inserted in LED device to suppress
electron leakage. Several designs of EBL devices have been
published. For example, effect of electron blocking layer on
the efficiency of AlGaN mid-ultraviolet light emitting diodes
by Pandey et al. [1], Al-composition-graded AlGaN/GaN
superlattice EBL (GSL-EBL) by Park et al. [2], quantum
efficiency enhancement by employing specially designed
AlGaN electron blocking layer by Usman et al. [3], thickness-
graded quantum barriers and composition-graded electron
blocking layer for efficient green light-emitting diodes by
Usman et al. [4], high performance of a Non-Polar AlGaN-
Based DUV-LED with a Quaternary Superlattice Electron
Blocking Layer by Dai et al. [5]. Electroluminescence study of
InGaN/GaN QW based p-i-n and inverted p-i-n junction based
short-wavelength LED device using laser MBE technique par
Yadav et al. [6]. However, the p-type doping of EBL has some
limitations. Excellent p-type doping is necessary for the EBL
to achieve low layer resistance [7]. In addition to, the
ineffective Mg-doping leads to very low concentrations of free
holes in AlGaN [8, 9]. Second, the conduction band barrier of
the EBL blocking electrons on the active region side also leads
to simultaneous formation of a valence band barrier blocking
holes on the p-type region side, thereby impeding hole
injection [10, 11], resulting in lower recombination rate and
poor internal quantum efficiency (EQE), called droop.
However, on the other hand, electron concentrations in the
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range of ~10"-10""cm™ can be readily achieved in n-type

AlGaN using silicon as a dopant [12, 13]. Nevertheless,
despite their achievements, GaN/InGaN LEDs continue to
have drawbacks that prevent them from reaching their
maximum efficiency potential. Controlling the passage of
charge carriers, especially electrons, inside the device
structure is one of the main technological difficulties. By
lowering the probability of radiative recombination in the
active region, this phenomenon known as electron overflow
can lower LED efficiency. This emphasises the necessity of
creating efficient ways to stop these electrons, which is why
electron blocking layers are so crucial.

By reducing electron overflow out of the active region,
electron blocking layers (EBL) have historically enhanced
performance in GaN/InGaN LEDs. Early EBL designs made
extensive use of materials like AlGaN. By improving the
radiative recombination of electrons with holes, these EBLSs
were successful in raising the device's overall efficiency.
However, because of their valence band misalignment with the
InGaN active material, AlGaN layers frequently offer
disadvantages, such as putting obstacles to hole injection. The
internal quantum efficiency (IQE) of the device may be
compromised as a result of inadequate hole injection into the
active region. By adjusting material thicknesses and
compositions, several research have attempted to counteract
this effect; however, these changes frequently involve trade-
offs between decreasing electron overflow and increasing hole
injection efficiency [4]. As a result, current methods that use
p-type AlGaN based EBLs have a number of drawbacks. First
of all, they do not optimise hole injection at the same time,
even though they successfully restrict electron overflow.
Second, these layers produce significant valence band
discontinuities that raise the device's series resistance, thereby
increasing the voltage drop and causing losses in electrical
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efficiency.

Designing a new EBL architecture that addresses these
problems without sacrificing LED performance is essential in
light of these difficulties. An n-type Ino.osGao.osN/Alo.1sGao.ssN
EBL is proposed in this study with the goal of minimising
electron overflow while preserving high hole injection.
Additionally, we propose incorporating a nine-period EBL
inserted between the active region and the n-GaN layer,
designed to operate at ~460 nm, in order to enhance electron
blocking capability without affecting hole injection. We
simulate the effect of the n-type Ino.osGao.osN/Alo.1sGao.ssN
insertion layer on band diagrams, current density, IQE, power
spectral density, and radiative recombination rate. We found
that n-type Ino.osGao.osN/Alo.1sGao.ssN. EBL insertion layer can
effectively reduce electron overflow and improve hole
injection efficiency in the device active region. This results in
improved current density, IQE, and radiative recombination
rate. The voltage drop is improved from 25.07% to 34.57%
when switching from p-type Alo.isGaossN to n-type
Ino.0sGao.osN/Alo.15Gao.ssN.

2. MODELING APPROACH

To reduce the time required with fabrication cost to analyse
and optimise the proposed LEDs device, we use the industrial
simulation SILVACO [14]. The electrical property of the
LEDs was performed by solving the Poisson's equation and the
continuity equation. The transport model of electrons and
holes used in our simulation is drift-diffusion, this model was
selected for its balance between accuracy and simplicity in
carrier transport. The material dependent physical models that
have been implemented with the models statement are: K.P
multiband k.p, FERMI Fermi-Dirac carrier statistics, these
models are essential for describing the interactions between
bands and the distribution of carriers, incomplete ionization of
impurities in Fermi-Dirac statistic this model reflects the
actual carrier concentration in heavily doped regions,
POLARIZATION the simulator will apply a piezoelectric
polarization calculated using the strain value assigned by the
strain parameter, this piezoelectric polarization is incorporated
to account for the internal electric fields, which are prominent
in GaN/InGaN materials. The models for quantum wells are:
CHUANG gain-radiative recombination models,
SPONTANEOUS included the radiative recombination rates
derived from the Chuang model into the drift diffusion and
LORENTZ Lorentzian line broadening. Also, the three bulk
recombination mechanisms enabled on a model statement are
SRH, AUGER and OPTR. The models of radiative
recombination and non-radiative mechanisms effectively
model the quantum wells and the losses in light efficiency.

The Shockley-Read-Hall recombination rate [15, 16] is
modeled as follows in Eq. (1):

2
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where, n and p are electron and hole concentrations, n; is
carrier intrinsic concentration, AE is the difference between
the trap energy level and intrinsic Fermi level, T; is the lattice
temperature, 7, and 7, are the electron and hole lifetimes.
Values given in literature for 7, and 7, usually vary from
30nm [17, 18] at 500nm [19] and are function of epitaxial
quality material [20-22].
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Auger recombination is commonly modeled using the
expression Eq. (2) [10]:

Raver = Cp(pn® —nn) + Cp (np* —nf) (2)
where, C, and C, are respectively auger coefficients for
processes eeh and ehh (the excess momentum and energy can
either be transferred to another electron or to another hole).
The values of C,, and C,, vary between 10-** and 10%°[20, 21].

The radiative recombination is expressed by Eq. (3):

Ropr = A(np —nf) 3)

A is bimolecular recombination coefficient. For //I-V direct

gap semiconductors, the A factor has values between 10
em? st and 10%cm’ s,

The bandgap of Al,Gay_x)N and In,Gag_,)N as a

function of the aluminum and indium composition x, is
described by Eqgs. (4) and (5) [23]:

Ey(AlyGag_xN) = E4(AIN)x + Eg(GaN)(1 — x) @
—13x(1—x)
Ey(IngGa—x)N) = E;(InN)x + Eg(GaN)(1 — x) 5)
—3.8x(1—x)

Dirichlet boundary conditions were employed for the metal
contacts in this study's SILVACO simulations, whereas
Neumann boundary conditions were used to model fluxes.
Charge transport equations could be resolved quickly due to
the iterative solver that was employed for the simulations. To
guarantee exact convergence, the tolerance threshold was
chosen at 10, To capture gradients in crucial areas like the p-
n junction and the electron blocking layer, a thin and irregular
mesh was used. Carrier mobility was taken to be isotropic, and
several simplifications were made, such as excluding
temperature effects and crystal flaws. To make the model less
complicated, several simplification assumptions were also
introduced. For example, carrier mobility was believed to be
isotropic and surface effects and crystal defects were not
expressly taken into account. Additionally, in this initial set of
simulations, heat effects were disregarded.

3. DEVICE STRUCTURES AND PARAMETERS

To validate our device models and parameters we have
considered the conventional p-AliGaxN electron blocking
layer with~460nm wavelength emission (denoted as LED A).
The structure and geometrical parameters of the light-emitting
diode (mentioned LED) are based on those mentioned in
literature. For example, the LED simulated by Ahmad et al.
[24] or by Lu et al. [25]. This light-emitting diode consists
(from top to bottom) of a3um thick n-GaN layer (Si-
doping=1x10"cm), an active region comprises of five
intrinsic layers of 3nm thick Ing2GaogsN quantum well (QB)
sandwiched between six intrinsic layer of a 15nm thick GaN
quantum barrier (QB), a 45nm thich p-Aly.15Gao.ssN EBL layer
(Mg- doping=1x10"cm™), an a2um thick p-GaN layer (Mg-
doping=5x10'8cm™). The composition of 22% indium in the
Ino.22Gao.7sN quantum well was chosen based on previous
studies which demonstrate that this concentration allows
tuning the LED emission in the blue region (~460nm). Several
studies, notably those of Verzellesi et al. [26], used similar



compositions for efficient blue LEDs, indicating that indium
contents between 20% and 25% optimize optoelectronic
performance while managing the mechanical stresses induced
by the mesh difference between InGaN and GaN. In addition,
this composition ensures a good compromise between the
extension of the bandgap and the management of stress effects
in quantum wells. Higher indium contents would increase
stresses in the structure, potentially leading to defects that
degrade efficiency. The schematic diagram of LED A is
represented in Figure 1 (A). To decrease electron overflow
without affecting hole injection into the active region, we
proposed and studied numerically design in this section effect
of n —type electron blocking layer (denoted as LED B). Nine
period of 2nm/3nm thick n-type Ine.osGao.osN/Alo.1sGao.ssN
electron blocking layer (Mg- doping=1x10'""cm™) inserted
between the active region and n — GaN cladding layer of the
device. The crucial material parameters used for Ino.osGao.osN
and Alo.1sGao.ssN electron blocking layer have been listed in
Table 1. The performance characteristics of these device (LED
B) is compared with device LED A. The rationale for the use
of these particular materials is that, although AlGaN improves
hole transport, InGaN can offer superior electron confinement
because of its smaller energy bandgap. The 5% indium
concentration of InGaN aids in preserving equilibrium
between efficient electronic confinement and a decrease in
defects associated with mechanical strain in the lattice. In
order to provide a sufficiently enough band offset to block
electrons without unduly penalising hole transport, AlGaN
with 15% aluminium is used. The InGaN layers typically have

Active region
GalN (15nm)
" Ino 22Gap 7sN (3nm)

A

thicknesses of 2nm for each superlattice period, while the
AlGaN layers typically have thicknesses of 3nm. These
numbers are chosen to create a potential barrier that efficiently
prevents electrons from passing through while allowing holes
to do so. This concept aims to get over the drawbacks of
conventional p-type AlGaN EBLs. Because of the large band
offset between AlGaN and the active region in InGaN, typical
p-type AlGaN layers efficiently block electrons but have poor
hole injection efficiency. We thus obtain better electron
blocking by switching to an n-type EBL with the active region
and n — GaN cladding layer of the device. The schematic
diagram of LED B is represented in Figure 1 (B). Figure 1 (C)
and Figure 1 (D) show the equilibrium energy band diagram
for LED A and LED B. It is remarked that there is a reduced
barrier to holes injection in the active region for the two LEDs.

Table 1. Material parameters values used in SILVACO

Material Parameters 1No.0sGao.9sN Alo.15Gao.ssN
Xe 2.8 3
&r 8.9 9.3
Eg 3.08 9.2
Mmn 0.2mo 0.2mo
mp 1.5mo 1.8mo
Copt 1.1x108 1.1x108
Augn 11034 11034
Augp 11034 11034
Tn 1x10°9 1109
T 1x10° 1x10°

p-GaN (2um, 5x101%cm-3)
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Figure 1. (A) Schematic illustration of conventional light-emitting diode (LED A); (B) A n-type Ino.osGao.osN/Alo.15Gao.ssN
electron blocking layer (EBL); (C) Equilibrium energy band for the conventional device and (D) an n-type
Ino.0sGao.osN/Alo.1sGao.ssN.EBL



4. RESULTS AND DISCUSSION

For a comparative study, we performed a numerical
simulation on two LED structures. Structure A (LED A) uses
a conventional p-type Alo.1sGao.ssN EBL, whereas structure B
(LED B) incorporates an n-type EBL with nine periods n-type
Ino.0sGao.osN/Alo.1sGao.ssN. EBL before the active region. In
order to increase the electron barrier height in LED devices,
the application of an electron blocking layer (EBL) composed
of Al\GaiN has been investigated [27, 28]. However, because
aluminium and gallium atoms differ in size, adding more
aluminium increases lattice strain even while it improves
electron confinement and decreases electron leakage from the
active region. By introducing crystal defects and raising non-
radiative recombination rates, especially through Shockley-
Read-Hall (SRH) processes, this strain can lower the overall
efficiency of the device. Additionally, research suggests that
these pressures may weaken the layer's structural integrity,
endangering the device's electrical and optical functionality.
Also, some research has looked into EBL-free structures [29],
which optimise the composition of the quantum well to lower
the internal electric field. However, this might not offer the
same degree of carrier confinement as a well-designed EBL.
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lines indicate the positions of five quantum wells and EBLs

Figure 2. Energy band diagrams of Led A and Led B at an
injection current at 3.5V bias
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Figure 2 shows the calculated energy band diagrams of the
two LEDs at 3.5V bias. In this Figure 2, @, represents the
potentiel barrier height in barrier Bi, B, B3, B4 and Bs
respectively. It is worth noting that the significant conduction
and valence band bending at the barrier interfaces is more
pronounced in the quantum wells when the voltage is non-
zero. In blue LEDs, this strong energy band bending increases
with the concentration of indium. This phenomenon leads to a
distinct separation of the wave functions, known as the stark
effect. The inherent polarities of III-N materials lead charge
carriers to separate under the presence of a strong internal
electric field, which results in the Stark effect seen in the
quantum wells of InGaN-based LEDs. In contrast to the
traditional LED A, the band structure of LED B is drastically
changed by the insertion of n-type Ino.osGao.osN/Alo.1sGao.ssN
layers before to the active region. This change lessens the
Stark effect by improving the lowering of the electric field and
band bending in the quantum wells. Due to its periodic multi-
layer structure, LED B's improved electron confinement
further inhibits electron overflow and enhances radiative
recombination, both of which are critical for light efficiency.

The values for each potential barrier height for electrons in
LED A and LED B ata 3.5V bias are extracted from the energy
band diagrams and listed in Table 2. In both LEDs, the values
of ¢., progressively decrease with each barrier, effectively
blocking electron overflow. The obtained results show that the
values of @y, Pe3, Doy and ¢,z are higher in LED B.

Table 2. Potential barrier height for electrons in LED A and
LED B at 3.5V bias

4)92 (meV) ¢e3 (meV) ¢e4(mev) ¢95 (meV)
LED A 388 368 353 334
LED B 406 390 380 355

The probability of electron overflow from the active region
is decreased by these values, which indicate improved
electron-blocking capabilities. This promotes more effective
radiative recombination and decreases non-radiative
recombination by maintaining a better balance between
electrons and holes in the quantum wells. The polarisation
effects in the Ino.osGao.osN/Alo.1sGao.ssN EBL area can be used
to explain this performance gain in LED B. In fact, band
bending and carrier confinement are directly influenced by
spontaneous and piezoelectric polarisation, which is especially
important in III-nitride materials. These factors cause carrier
separation (Stark effect) in the quantum wells, which lowers
radiative recombination efficiency. Polarisation, particularly
in AlGaN, produces an electric field in the EBL, however,
which better restricts electrons in the active region. By
decreasing electron overflow, this phenomenon, which is seen
in the LED B structure, improves radiative recombination and
raises the LED's overall efficiency. It is also noted that the
maximum potential barrier height for electrons in this LED is
406 meV. Consequently, the electron-blocking capability in
the active region of LED B is improved compared to LED A.

Figure 3 displays the distribution of the hole and electron
current densities for both LEDs at 3.5V and 5V bias. The
overall shape of both distributions is the same. The
recombination mechanisms within the quantum wells seem to
use up almost all of the hole current. In contrast, a substantial
amount of the electron current escapes via the p-GaN and is
not used up by the recombination process in the quantum well
region. One of the main things limiting the effectiveness of



traditional LEDs is this electron leakage. Due to significant
non-radiative recombination and inadequate electron
confinement, this leakage is especially noticeable in the case
of LED A. In contrast, LED B has a larger current density,
which suggests better electron confinement. In LED B, the
hole current densities are much greater at 325.88A/cm?,
316.92A/cm?, 299.81A/cm?, and 246.05A/cm? (jp lower than
jn), but the electron current densities in the first four quantum
wells at 3.5V bias are 10.66A/cm?, 17.99A/cm?, 34.25A/cm?,
and 88.67A/cm?, respectively. The electron and hole current
densities in the fifth quantum well, on the other hand, almost
perfectly match j holes=j electrons=134.96A/cm? pour la
LED A etj holes=j electrons=163.79A/cm? pour la LED B.
The 21.38% increase in current density in your proposed
structure demonstrates a more efficient injection of carriers
into the active region. The electron current densities in LED B
keep getting better at 5V bias. For instance, the electron and
hole current densities in the fourth quantum well are exactly
equal (j_holes=j_electrons=15.69mA/cm?). Since the electron
current density in the fifth quantum well is somewhat larger
than the hole current density (j_electrons=19.62mA/cm? and
j_holes=12.80mA/cm?), radiative recombination is improved
due to better control over electron overflow.
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Figure 3. Distribution of electron and hole current density
for the two LEDs

These findings demonstrate that including an n-type EBL
considerably lowers electron leakage while simultaneously
improving carrier confinement in the active region. In fact,
compared to LED A, the value of electron leakage in LED B
is much smaller, at 0.07A/cm?. By encouraging improved
electron-hole matching and lowering losses from non-
radiative recombination, this decrease in leakage is essential
for raising the LED's overall efficiency.
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Figure 4. (A) Internal quantum efficiency; (B) power
spectral density of LED A and LED B

Figure 4 (A) shows the internal quantum efficiency (IQE)
of LEDs A and B as a function of injection current. With
current, the IQE of both structures rises to a high of around
82% before beginning to fall. This decline, also referred to as
"efficiency droop," is a well-known problem in InGaN-based
LEDs and is frequently caused by Auger recombination,
electron overflow, and an imbalance between electron and
hole injection. Because carrier confinement is less successful
in LED A, which employs a traditional p-Alo.1sGao.ssN
electron blocking layer (EBL), efficiency droop becomes more
noticeable as current rises. In particular, LED B mitigates the
IQE drop between 0 mA and 50 mA to 25.07% as opposed to
34.57% in LED A, decrease of approximately 9.5%.
Additionally, the improvement in IQE from 53.65% to 61.44%
at 50mA represents a gain of 7.79%. Better electron
confinement afforded by the multi-layer n-type EBL structure
composed of Ino.osGao.osN/Alo.1sGao.ssN is responsible for the
improvement shown in LED B. This n-type EBL facilitates
improved hole injection into the quantum wells while more
successfully preventing electron overflow out of the active
region. Better carrier dispersion lowers the possibility of non-
radiative recombination, which is more common at higher
injection currents in LED A and includes Shockley-Read-Hall
(SRH) and Auger recombination. Additionally, the power
spectral density of LEDs A and B at 5V bias is shown as a
function of energy in Figure 4 (B). Both LEDs exhibit a single
emission peak at a wavelength of around 460nm, which is
indicative of blue emission. But compared to LED A, LED B
has a larger power spectrum density, suggesting more effective



radiative recombination (the improved in the LED B shows a
significant increase of 23.3%). This may be explained by the
n-type EBL's enhanced carrier confinement and decreased
electron overflow. In contrast to an LED with a high indium
concentration, the EBL's incorporation of Ine.osGao.osN layers
helps minimise electron overflow and enhances hole injection
efficiency while keeping the indium concentration low,
protecting the quality of the InGaN alloy and lowering the
Stark effect.

Figure 5 illustrates a discernible rise in radiative
recombination rates at 5V bias in all five quantum wells in
LED A and LED B. This figure shows an increase in the
radiative recombination rate in the LED B particularly at
0.288um where the rate reaches 1.027.10% cm>s!'. The
addition of an n-type Ine.osGao.osN/Alo.1sGao.ssN electron
blocking layer (EBL) is directly responsible for this
enhancement. This EBL has two functions: it decreases
electron overflow and improves both electron and hole
injection into the active region. However, since some electrons
flow through the quantum wells without taking part in
recombination, LED A, which uses a traditional p-type EBL,
experiences electron leakage, which lowers -efficiency.
Improved charge carrier management is responsible for the
significant improvement in LED B's performance. Because the
traditional EBL is less successful at preventing extra electrons
from entering the active region, electron leakage occurs in
LED A. Additionally, LED A exhibits poorer hole injection,
especially at the interface between the p-EBL and the quantum
wells. The imbalance between electrons and holes causes
additional non-radiative recombination pathways, such
Shockley-Read-Hall recombination, which further inhibits
radiative recombination. In contrast, the n-type EBL in LED B
enables greater hole injection into the quantum wells in
addition to improving electron confinement. The rates are
greater across all quantum wells in LED B because of the more
favourable conditions for radiative recombination created by
this balanced injection of carriers. Additionally, this reduces
non-radiative losses like Auger recombination, which usually
cause efficiency to droop at larger injection currents.
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Figure 5. Radiative recombination rate in the active region of
LED A and LED B at 5V bias

5. CONCLUSIONS

We investigated the impact of an n-type electron blocking
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layer (EBL) composed of Ino.osGao.osN/Alo.1sGao.ssN (Mg-
doping=1x10" cm™3) placed between the active region and the
n-GaN cladding layer in a light-emitting diode device
functioning at about ~460nm. The performance characteristics
of these structure is compared to the conventional p —
type EBL. Based on modelling and simulation, the n-type
Ino.osGao.osN/Alo.1sGao.ssN - EBL  may improve radiative
recombination by reducing electron overflow and increasing
hole injection efficiency into the active region of the structure.
Additionally, when switching from the p-type Alo.isGao.ssN
EBL to the n-type Ino.osGao.ossN/Alo.1sGao.ssN. The droop is
improved from 34.57% to 25.07%. This indicates that the
proposed structure LED B reduces efficiency losses at high
injection. A 21.38% increase in current density at 3.5 V was
observed, signifying more efficient carrier injection into the
active region. the radiative recombination rate in the LED B
achieved maximum values of 1.02x10%* cm=-s" at 0.28um,
affirming to a significant improvement of the radiative
process. Finally, the progress of the IQE, going from 53.65%
to 61.44% at 50mA, as well as the maximum IQE reaching
82%, show a good radiative recombination in the LED B.
However, Introducing InGaN layers in n-type EBL seems to
be an efficient solution to reduce electron overflow and
enhance hole injection efficiency by keeping a low indium
concentration. These results confirm that the structure LED
offers a substantial improvement in the performance of
GaN/InGaN-based LEDs, particularly for applications
requiring increased efficiency at moderate to high injection
currents.
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NOMENCLATURE

2918

electron affinity, eV

permittivity

energy band gap, eV

electron effective mass

hole effective mass

radiative recombination rate coefficient
electron Auger coefficient

hole Auger coefficient

electron lifetime, s

hole lifetime, s
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