
Digest Journal of Nanomaterials and Biostructures      Vol. 18, No. 4, October-December 2023, p.1557-1576 
 

 
Optimizing performance and energy consumption in  
GaN(n)/InxGa1-xN/GaN/AlGaN/GaN(p) light-emitting  

diodes by quantum-well number and mole fraction 
 
N. Selmane a*, A. Cheknane a, F. Khemloul b, H. S. Hilal c, M. H. S. Helal d,e,  
N. Baydogan f 
a Laboratory of Materials, Energy Systems and Renewable Energy and Energy 
Management (LMSEERGE). Amar Telidji University of Laghouat, Blvd. des 
Martyrs, BP37G, Laghouat-03000- Algeria. 
b Laboratory for Application and Valorization of Renewable Energy (LMAVER). 
Amar Telidji University of Laghouat. Blvd des Martyrs, BP37G, Laghouat-03000- 
Algeria 
c SSERL, Department of Chemistry, An-Najah National University, Nablus, 
Palestine. 
d Department of Electrical and Computer Engineering, Birzeit University, Birzeit, 
Ramallah, Palestine 
e Department of Computer Engineering, An-Najah National University, Nablus, 
P400 Palestine 
f Energy Institute, Istanbul Technical University, 34469 Istanbul, Turkey 
 
High performance and safe light-emitting devices (LEDs) are needed. Highly efficient III-
V nitride semiconductors are known for short-wavelength LEDs. Multiple-quantum well 
(MQW) are considered in LEDs. Influence of MQW and indium concentration on LED 
performance are studied here in GaN(n)/InxGa1-xN(i)/GaN(i)/AlGaN(p)/GaN(p) LEDs, 
where GaN(n) and GaN(p) have different dopants to formulate junctions, InxGa1-xN(i) is a 
3 nm-thick intrinsic QW, GaN(i) is barrier intrinsic layer and AlGaN(p) is a 15 nm-thick 
electron blocking layer (EBL). Simulation is performed by Tcad-Silvaco. Current versus 
voltage (I-V) plots, luminosity power, band diagram, spectrum response, radiative 
recombination rate and electric field effect, are investigated to rationalize effects of InxGa1-

xN(i) QW number and x. Increasing (x) improves radiative recombination rate, spectral 
power and band gap at less current. Devices with 6 quantum wells and x= 0.16 or 0.18 
exhibit best performance. Minimizing x at 0.16, at high performance, is described.   
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1. Introduction  
 
Light emitting devices (LEDs) are emerging as alternative for traditional lighting systems. 

The main feature for LEDs in their high energy-to-light conversion efficiency. Energy saving, is 
badly needed for cost lowering and environmental preservation. LEDs III-V materials attract 
interest in electronic and optoelectronic devices, such as, high-electron-mobility transistors 
(HEMTs) [1], power devices [2],  solar cells [1], light emitting devices (LEDs) [3] and lasers [4]. 
This is due to their direct and wide band gaps. Moreover, their high durability, long life and low 
toxicity make them widely favourable in optoelectronic devices [5] and power electronic industry 
[6]. These materials include binary compounds such as GaN, GaAs, InGa and AlN [7] and ternary 
compounds such as InGaN, AlGaN and  InGaAs [8]. Such materials have become the basis for 
LED production. 
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The majority of III-V materials  have the main feature of forming the Wurtzite structure 
[9], with no centre of symmetry [10]. Due to lattice mismatch, a strain and polarization is created 
by piezoelectric and polarization effects [11]. 

Binary compounds, such as GaN and InN, show high performance specially in short 
wavelength in LEDs [12]. Emission may involve the entire visible spectrum, violet to red [13]. 
LEDs were first developed using metal-insulator-semiconductor (MIS) devices in 1970s [14]. In 
1980s n-p homojunctions were used in LEDs [15], and more efficient double heterojunction LEDs 
were reported in the early 1990s [16].  The LED device was mostly realized with the single 
quantum well (SQW) of InGaN/GaN [17] and then with multiple quantum well (MQW) 
heterostructures [18]. 

III-nitride materials were described to yield white LEDs, using hetero-epitaxially grown 
systems [19]. InGaN/GaN MQWs were examined using band gap engineering hetero-epitaxy 
growth to control various parameters, such as indium composition and quantum barrier thickness, 
in order to control the carrier transportations.  Hu et al. described how epitaxially grown 
InGaN/AlGaN multiple quantum structures, with high crystallinity, can be prepared, onto sapphire 
with silica arrays, and used in ultraviolet emitting diodes (UVLEDs) [20]. Zhou et al. described 
how addition of a silver metallic reflector improved light extraction efficiency in high power flip 
chip LEDs [21]. Zaho et all. described a 3-layer quantum well GaInN-based, yellow emitting LED, 
grown on sapphire substrate, with improved efficiency [22]. Improving InGaN based quantum 
well LEDs, by varying the In content, was described earlier [23]. As described by earlier literature, 
multiple quantum well diode structures based on the III-V materials exhibit efficient emissions. 
Diode characteristics were significantly improved in various aspects including lower energy 
consumption and emitted light tuning through the use of wells with ternary components of InGaN 
[24], AlGaN [25] and GaAsN [26]. These ternary materials, which help adjust the gap to emit the 
appropriate light, exhibit improved optical properties necessary for LED technology. Other 
parameters can also be optimized such as film thickness together with quantum well and barrier 
composition of [27] in addition to the electron blocking layer (EBL) thickness [28]. GaN (n) and 
GaN(p), which are considered as injection layers of the charge carriers in active zone, containing 
the quantum well and barrier, were also studied [29]. Young et al. [30] studied the effect of 
polarization and the electric field in the quantum well LEDs. Various parameters, such as the 
recombination (Auger, SHR and radiative), were controlled to enhance the LED performance. The 
effect of mole fractions for indium and aluminium were also studied in InGaN and AlGaN 
compounds [31, 32]. LEDs were experimentally fabricated by different techniques such as thermal 
evaporation [33], sol gel [34], spray pyrolysis [34] and molecular beam epitaxy (MBE) [35]. 

Thus, tremendous work was made on LEDs to understand the phenomena and to improve 
performance. Despite that, more work is still needed for better understanding to maximize 
performance, to lower the production cost and to minimize the raw starting materials used. For 
example, it is necessary to understand the heterojunction structure between the quantum well and 
the GaN barrier, using band diagram structures. Predicting the occurrence of various types of 
recombination (radiative, SRH or Auger) needs to be studied.   Effect of electric field, created at 
the interface between barrier and quantum well, gives a clue to control the charge carrier quantity 
and diffusion together with the offset of the band energies, and should also be studied. Tailoring 
the luminosity, spectral power and resulting colour for MQW-LEDs needs to be investigated. 
These issues have not been earlier discussed, and can be understood by simulation.  

Therefore, simulation studies, using SilvacoTcad program [36], Matlab [37], Sentaurus 
[38] and Comsol metaphysics [39], were made.  In fact, simulation helps understand the effects of 
various phenomena, such as radiative phenomena [40] and the band offset in quantum wells and 
barriers [41] on diode structures, optical properties and performance, while avoiding high 
production costs. 

In the present study, the Silvaco software is used to rationalize improving LED 
performance, as follows. Firstly, an MQW LED is constructed with six quantum wells and seven 
barriers based on InGaN/GaN. This is to know the optical properties, particularly the band diagram 
and the radiative recombination rates. These are very important to understand emission of light. 
Effect of electric field in each layer, especially in the well layer, and its impact on the 
characteristics such as energy consumption and luminescence power, will be studied. The study 
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will find the expected emission light colour. It will help understand various phenomena in the 
constructed LED system. 

Secondly, the effect of well number on the MQW LED performance will be studied by 
comparison between all optical and electrical properties. The radiative recombination rates and the 
current vs. voltage (I-V) characteristics will be investigated. This will show if only radiative 
recombination process is involved in the MQW LED system. Moreover, the simulation will 
rationalize the choice for six quantum wells. 

Thirdly, the effect of the In molar fraction in the 6-quantum well LED will be studied. The 
study will show how the indium concentration may affect the MQW LED device. The optimal In 
concentration that achieves highest radiative recombination rate will be deduced and rationalized. 
Cost saving and environmental friendliness are also considered by finding the minimal In doping 
and lowest needed power. All such objectives will be achieved here for the first time. No similar 
studies were reported to our knowledge. 

 
 
2. Structure description and simulation details  
 
In the present study, a powerful program is used to simulate the structure of the proposed 

MQW LED. The strategy relies on solving different transport equations for electrons and holes, 
namely Poisson's equation, Continuity equation and Einstein's relationship, using numerical 
methods with known effectiveness in solving such equations. All the characteristics of the layers 
that make up the light-emitting diode are defined. The simulated MQW LED structure that 
involves GaN(n)/InxGa1-xN/GaN/AlGaN/GaN(p) is schematically described in Fig. 1 Earlier 
studies, dealing with MQW structures were reported describing other aspects of the LED devices 
using the Atlas-Silvaco [40, 42].  

In the present study, a 3000 nm thick n-GaN layer is used. All wells are 3 nm thick layers 
of InGaN. There are 6 wells of InGaN or InxGa1-xN. A 200 nm thick p-doped layer of GaN, 
denoted as GaN(p), is used. Figure 1 schematically describes the proposed structure with no 
dimension scale.  

An active zone, containing 6 quantum wells of InGaN, at 16% indium and 3 nm thickness, 
separated by 15 nm thick intrinsic layer GaN(i) barriers, is used. The two-layered InGaN/GaN(i) 
LED was described earlier [43]. A 45 nm thick electron blocking layer (EBL) of AlGaN(p), doped 
with 15% aluminium, was described earlier [44], is used here. The two n- and p-doped GaN layers, 
used here, were described earlier [45]. 

The simulation also relies on the mesh, which plays a role in the results and physical 
phenomenal study accuracy. The mesh should not be uniform throughout the entire proposed LED 
structure. On the contrary, it should be thinner in the critical areas. In the present structure, the 
most critical area is the quantum well in which the re-combinations occur, especially radiative 
ones, because the LED function is entirely based on this process [46]. In other parts of the 
structure, the mesh can be enlarged because the absence of physical phenomena may increase the 
simulation time. It may also prevent conversion of the system. Consequently, the desired results 
may not be obtained. In Fig. 2a, the mesh appears clearly in all regions. The present LED structure 
includes six wells and seven barriers in addition to other layers where the mesh appears somewhat 
larger than the rest of the regions. Figure 2b shows different concentrations where all doped layers 
have uniform type of dopage. The Figure schematically describes the structure to clarify the layer 
properties, major material parameters and models used. Table I [44, 45] summarizes all parameters 
such as:  thickness, affinity, carrier doping concentration and band gap values. The proper model 
choice is important for accurate results obtained from the polarization quanta, thus the numerical 
method selection should be specified here. Various numerical methods, to calculate solutions to 
semiconductor device problems, are abundant. In the present simulation, the block Newton method 
is used. The last step is to apply a voltage (polarization) to the structure to study its current 
response.  It is then possible to calculate the values taken by different parameters and display them 
in the plotting software. Earlier physical parameters are incorporated in the present simulation. 
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Fig. 1.   Schematic multiple quantum wells light emitting diode (MQW LED) structure simulated by Atlas 
Silvaco. Total x-y dimensions for the LED are 200x200 (μm)2. 

 
 

 
 

Fig. 2. Schematic MQW LED structure showing (a) Meshing of structure, and (b) Doping of  
different layers. 

 
 

Table 1. Major parameters and models used in simulating the proposed 6 MQW LED structure. 
 

Material Parameters Layer values 
GaN(n)  InGaN(i) AlGaN(p) GaN(p) GaN(i) 

Layer thickness (nm) 3000 3 45 200 15 
Donorconcentration Nd (cm−3) 5 ×1018 - -   
Concentration of acceptors Na (cm−3)  - 1×1019 1×1019 - 
Concentration of intrinsic carriers Ni - 2×1016 - - 2×1016 
Electrons mobility µn (cm2.V−1.s1) 400 200 250 400 400 

Hole mobility µp (cm2.V−1.s1) 10 10 5 10 10 
Electronic affinity χ (eV) 4.4 4.98 4.26 4.4 4.4 
Band gap (at 300 K) Eg (eV) 3.42 2.6 3.62 3.42 3.42 
Electron lifetime τn (s) 2×10−7 2×10−7 2×10−7 2×10−7 2×10−7 
Hole lifetime τp (s) 2×10−7 2×10−7 2×10−7 2×10−7 2×10−7 
Auger recombination coefficient Cn and 
Cp (cm−6.s−1) 

2.4×10−30 2.4×10−30 2.4×10−30 2.4×10−30 2.4×10−30 
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Material Parameters Layer values 

GaN(n)  InGaN(i) AlGaN(p) GaN(p) GaN(i) 
Radiative recombination coefficient β 
(cm3.s−1)  

1.0−11 
 

1.0−11  1.0−11  1.0−11  1.0−11  

Models used in the simulation 
Parameter Model 
Radiative re-combination  Model wz.kp (designed for wurtzite structure) and spontaneous 

emission model, model COPT are expressed by the equation: 
Rspont= β (np – n0p0) 

SRH re-combination  Model SRH independent of doping, temperature, 

Auger re-combination  Model Auger independent of doping, temperature, 

Energy bands Kronig Penny (KP) model is used to determine effective 
masses and band edge energy for drift–diffusion calculations 

Carriers ionization Model incomplete 
The polarization field at the interfaces Model Polarization, calc. strain and polar scale 
Electron and hole mobility Mobility constants 

 
 
The band gap (Eg) values for barrier and well layers have been adjusted. For indium 

nitride (InN) and gallium nitride (GaN) the band gap values are 0.7 and 3.42 eV, respectively, at 
room temperature [47, 48]. The band gaps cover the spectrum from visible range up to far 
ultraviolet. Adjustment has been made by changing the molar fraction of the ternary compound 
through the experimental relationship of Vigard [49] as shown in equation (1): 
 

Eg(InGaN) = xEg(InN)  +  (1−x)Eg(GaN) − b·x(1−x)                                      (1) 
 

 
The evolution of the bandgap of ternary alloys as a function of the composition is non-

linear but quadratic due to the term b.x(x-1) where b is the bowing parameter. 
Choosing the value for the mole fraction of indium of 0.16 helps calculate the band gap for 

the present wells with a 2.6 eV. This value also determines the light emitted by the LED. The band 
gap value has been adjusted in forming heterojunctions or quantum wells. 

One important feature for the III-N materials is that their thermal expansion coefficients 
and lattice constants are different in the different layers [50]. This leads to the so-called ‘’strain’’ 
common phenomenon that happens during heterostructure growth [46]. Particularly, a given 
heterostructure becomes strained when an epi-layer is grown on a substrate with a different in-
plane lattice parameter. Another phenomenon that specially occurs in III-N(GaN, InN) materials is 
the polarization in two components, namely spontaneous polarization and piezoelectric 
polarization [51]. Because this group crystallizes in wurtzite structure with no symmetric centre, 
all strain and polarization parameters have been considered here to reserve properties of the 
present LED by different commands. 

 
 
3. Results and discussions 
 
In this work, the simulations have been made to understand the LED characteristics based 

on InGaN quantum wells, showing which light color is emitted, the optical output power and other 
characteristics. The present study involves a number of parts. The LED, which contains six 
quantum wells of InGaN and seven barriers of GaN, is simulated. This justifies the choice for the 
proposed structure to improve performance, in comparison with the same structure but with lower 
number of quantum wells. This will also help understand different observed phenomena. 

 
3.1. The 6-QW LED structure 
The present LED contains 6 multiple quantum wells (MQW) as schematically shown in 

Figure 1. It is based on GaN, AlGaN and InGaN layers. The LED is polarized by voltage in the 
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range 0.0 to 6.0 V, to yield the desired colour that is controlled by the band gap of the quantum 
well. 

To better understand the structure, based on wells and barriers, it is necessary to exhibit 
the LED band diagram. Fig. 3 describes band structure for all six quantum wells and barriers. 
From the band structure, it is evident that the quantum well is created when there is a band 
discontinuity in the heterojunction [52]. The GaN barriers have a band gap value of 3.42 eV [47] 
and the wells have adjustable value depending on the In mole fraction x. For the present study, 
0.16 is used for indium in InxGa1-xN quantum well [53]. The aluminum content in AlGaN electron 
blocking layer (EBL) is 0.15 [54]. The band gap values for the two layers become 2.6 and 3.62 eV, 
respectively. The value difference is the base for the recombination phenomena that occur due to 
discontinuity of different band gaps. This creates an electric field or a potential barrier that 
confines the carriers in the quantum well [55]. The built-in potential φ junction between GaN 
barrier and InxGa1-xN intrinsic layer is determined by difference between the two work functions as 
shown in Equation (2) 

 
                                                           (2) 

 
The difference in the densities of states between the two semiconductors leads to different 

values for the parameters . The offset of conduction band  is the difference 
between the conduction bands in the neutral zones, as described in Equation (3):  

 
= +                            (3) 

 
In the conduction band edge set, there is an offset towards the GaN barrier layer interface. 

The offset in conduction band is equal to difference in electron affinities between layers, from 
Equation (3), and the difference of conduction bands is achievable from Equation (4): 

 
=(      (4) 

 
From Equations (3) and (4), Equation (5) can be derived: 
 

 = (                    (5) 

 
which gives the relation between the ,  and  as shown in Equation (6): 
 

                                                                     (6) 
 
where and . 

 
The valence band offset ΔEv is given as the difference between the two band gaps 

Eg  and Eg  subtracted from the offset of conduction band ΔEc. The relation 
is shown in Equation (7): 

 
ΔEv=                                         (7) 

 
These notions, especially the offset of band, are focused here as they affect the 

simulation.for GaN-based LEDs with an electronic blocking layer (EBL), this parameter is 
especially important as it controls the height of the EBL (AlGaN) layer that prevents the electron 
leakage on the p side, as reported earlier [56]. In an AlGaN/GaN heterojunction the value of the 
ratio Ec/Eg is equal to 0.6 [57]. This means that 60% of the difference in gap, between AlGaN and 
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GaN, is assigned to the conduction band. The Atlas simulator uses the default value 0.7.  In 
InGaN/GaN heterojunction, the value for this ratio has not been measured yet. 

The band discontinuity can be considered as quantum well confinement due to small 
distances between bands. Together with the resulting spike, it inhibits the minority carrier 
formation and increases the probability of radiative re-combinations in this zone. The charge 
carriers in the zone cannot pass the barriers through tunnelling effect, as the barrier thickness (15 
nm) is 5 times larger than the well. The radiative re-combinations occur significantly in the well, 
as shown in Fig. 3. 

Understanding different phenomena in the present LED is one goal here. The band 
diagram gives a clue to interpret the results. The offset of conduction and valence bands of 
quantum well in the limit of GaN(barriers)/InGaN(QW) is due to the creation of contact potential 
by the difference between layer energy gaps. The discontinuity behaves as a trap for electron and 
hole charge carriers injected by the GaN(n) and GaN(p) that are considered as pump layers 
polarized by an external potential. These traps may help increase radiative recombination rates. 
They facilitate photon emissions from carriers, by spontaneous or stimulated radiative 
recombination emissions, or merely by a non-radiative recombination (without emission). The 
non-radiative recombination creates a phonon that propagates as a mechanical wave or as a 
vibration that propagates in a crystal with thinner well thickness 3 nm. The carrier charges are 
confined in this zone. Moreover, the intrinsic well type permits the carriers to recombine easily 
with each other.  

 

 
 

Fig. 3. Band diagram of MQW LED structure. 
 

 
The polarization induced electric field leads to an inclination of valence band and 

conduction band edges in the QW [58]. Fig. 4 shows that electrons are driven to the upper levels of 
the conduction band and holes to the lower levels of the valence band. The electric field is mainly 
in the quantum well of the present structure, and its estimated value is ~4 MV/cm (~0.4 V/nm). Its 
value is almost the same in each well. The electric field value also changes from 2.5 to 4 MV/cm, 
due to smaller thickness of InxGa1-xN well having interfaces or contacts with the InxGa1-xN/GaN 
barriers. Despite the well existence between two GaN barriers, with same properties, the electric 
field in the quantum well interfaces limits will vary. In the limits of the two sides there are two 
important parameters, the charge carrier life time and the diffusion length, in addition to the type 
the GaN layer (n or p), which affect the electric field value in the two sides. This is due to GaN(n) 
and GaN(p) layers that are considered as pump layers for the charges of GaN(p), as shown in Fig. 
4. Moreover, the electric field has two components which yield spontaneous polarization and 
piezoelectric effect, that leads to create internal electric field, especially at the well and barrier 
interfaces. This is an important feature for GaN materials. At the interface or at 
GaN(barrier)/AlGaN(EBL) layer limit, the electric field value is smaller than in quantum well. 
This refers to the large band gap difference between the quantum well (InxGa1-xN) and the barrier 
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layer (GaN), with 2.6 and 3.42 eV, respectively. The discontinuity helps to accumulate maximum 
carrier charges at the surfaces, which creates a strong electric field, Fig. 4. The electric field varies 
linearly in the barrier, with values ranging between 0 to 2.3 MV/cm at the interface. The estimated 
electric field is 2.3 MV/cm at the interface between GaN(n) layer with the barrier of GaN(barrier). 
However, the value is 3.7 MV/cm in the other side of GaN(EBL). This is due to the role of 
GaN(EBL) layer that stops carrier charge passage to GaN(p). These electric field values are 
consistent with Bernardini et al. [59] and Chow et al. [60, 61]. It is also noted that the electric field 
is almost constant in the InxGa1-xN well, which leads to a linear form offset of conduction and 
valence bands in the wells [62]. In the GaN barrier, the linear electric field form leads to a 
parabolic offset form of conduction and valence bands [55], Fig. 4. The present results are 
consistent with the earlier reference. The electric field has linear form (profile of dopage is 
constant for ND(donor) and NA(acceptor), and from Poisson law the integral of charge equals 
NA/εεr (p side) and Nd/εεr (n side). Thus, the electric field has linear form (integral of constant). As 
the potential is the integral of electric field, this leads to parabolic form of potential. Since energy 
E=qV (elementary charge), the band energy offset should have a parabolic form. 

 

 
Fig. 4. Electric field distribution in different layers in MQW LED 

 
 
The radiative recombination, opposite to absorption [63], is associated with both emitted 

photon intensity wavelength (desired color) and the semiconductor band gap, as related by 
Equation (8) [64] 

 
                                                                          (8) 

 
where h is Planck's constant, υ is the frequency, c is the speed of light, λ is the wavelength and Eg 
is the energy band gap. 

The rate of spontaneous recombination (Rspont) is given by Equation (9) [65]: 
 

Rspont = β (np – n0p0)                                                                       (9) 
 

where n0 and p0 are the carrier densities at thermodynamic equilibrium, n and p are the carrier 
densities in the junction, and β is the spontaneous recombination coefficient.  

The rate of radiative recombination in quantum wells is determined by the Kronig-Penny 
(KP) model included in the present simulation [66]. In Figure 5, different recombination rates are 
observed in the present MQW LED structure, for Auger, Radiative and SRH processes. The SHR 
recombination type, resulting by semiconductor defects, creates traps or intermediate states inside 
the band gap. The traps hold the electrons without emitting photons. 

Auger recombination occurs in narrow band semiconductors. In this process, excess 
energy resulting from electron-hole recombination is gained by electrons or holes that 
subsequently become excited to higher energy states inside the same band without emitting 

https://scholar.google.com/citations?user=_rcvXLedSUsC&hl=en&oi=sra
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photons in the radiative process. The carrier that captures the energy will end up in an excited state 
of the conduction band or valence band before conveying its energy through interactions with the 
crystal lattice or with other free carriers. 

The radiative recombination occurs only in the quantum wells and the barriers keep the 
electrons in the well for better recombination rates. The SRH recombination is so low compared to 
auger and radiative recombination. 

   This due to intrinsic type of the quantum well and barrier, even thin wells need thicker 
barriers (15 nm) to avoid passage of charge carriers through tunneling effect. This furnishes 
electron confinement that is necessary to increase the probability of radiative recombination [67].  
The recombination rate varies among various wells, due to charge flow and mobility from the two 
sides GaN(n) and GaN(p). Charge carrier confinement in the thin wells is also assisted by the 
blocking role of the GaN(p) limit side in the election blocking layer (EBL) [68]. The overall 
recombination rate is the summation of individual recombination rates. In a given well of the 6 
MQW structure, the maximum radiative recombination rate is 7.8×1028 cm−3/s, while the 
maximum Auger recombination rate is up to 1×1028 cm−3/s. In one well, the Auger recombination 
rate varies between ~5×1027 and 7.5×1027 cm−3/s.    

The radiative recombination in one well can be 8-fold faster than the Auger 
recombination.  In barrier layers there are no Auger or radiative re-combinations. In one InGaN 
well, the minimum radiative recombination rate (4×1028 cm−3/s) is higher than the maximum Auger 
recombination rate 5×1027 cm−3/s. The SRH recombination rate is 0 in the quantum wells and 
others layers, especially in the neutral zones of GaN(n) and GaN(p).  

This means that the offset between barrier and well is due to large band gap difference that 
increases recombination rate. As the SRH recombination is assisted by traps (defects) created by 
dopant or crystal imperfection, the present wells are intrinsic type and dopant free. This justifies 
the absence of doping in these regions. Figure 5 shows that the radiative re-combinations are 
probable and dominant in the wells due to confinement and carrier concentrations in the small 
volume [69] leading to more photon emission and higher radiative efficiency. 

In Fig. 5, it should be noted that the value of Auger recombination rate (blue curves) 
increases towards the p-side. At the interface (InGaN/GaNbarrier/GaN (EBL), between the layer 
GaN (EBL) with the last barrier and quantum well, there are more charge carrier diffusions. The 
width of electron blocking layer (45 nm) also stops the passage of charge carriers to the GaN(p) 
layer (confinement carrier). This increases the recombination probability and justifies carrier high 
value of electric field in this side. 

 
 

 
 

Fig. 5. Re-combination processes in the proposed structure. Blue color for Auger, Green color  
for SRH and Red color for Radiative. 
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3.2. MQW LED characteristics 
3.2.1 Radiative recombination rate and luminous power 
Figure 6a shows that the radiative recombination is strongly affected by the voltage 

variation at the anode. At polarization voltage values 0.0 to 3.0 V, the radiative recombination rate 
is 0. With increased voltage in the range 3.0 to 6.0 V, the recombination rate increases and reaches 
up to ~3.4×1029 cm−3/s. At 6.0 V forward bias, as in homo p-n junctions, electrons are injected or 
diffused from n-side to p-side, while the holes move in the opposite way. Increasing the bias 
voltage decreases the height of the InGaN/GaN contact which permits the holes and electrons to 
pass and diffuse easily from one side to another. At 3.5 V polarization, the radiative recombination 
rate is ~ 5×1028 cm−3/s, and continues to increase with increased polarization to reach the highest 
value at 6.0 V. This is the sum of the values obtained in each well, as shown in Fig. 6. 

 

 
 

Fig. 6. MQW LED characteristics showing plots of (a) radiative recombination rate and  
(b) luminous power vs voltage. 

 
 
The variation of luminous intensity with anode voltage is shown in Fig. 6b. As the anode 

voltage increases, the luminous power increases and reaches the highest value of 45 mW power at 
6.0 V polarization. The threshold voltage for luminous intensity is 3.0 V. 

 
3.2.2 I-V plots and emitted light spectrum 
Using the parameters mentioned in Table I, the I-V characteristics for the analyzed 

structure are simulated in Fig. 7a. The proposed structure yields high anode current at 6.0V anode 
voltage. Moreover, the threshold voltage 3.0 V is also lower than other benchmark structures [70]. 
The current value is 3.4x105 µA at 6.0 V polarization voltage.  Despite the resulting high MQW 
LED current value, it remains small compared to other diodes [71]. This is due to high carrier 
concentration resulting from the confinement in thin wells, which increases recombination and 
photon emission. The confined carrier concentration in the MQW LED structure also increases 
optical output power [72]. 
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Fig. 7. MQW LED characteristics. (a) I-V plots and (b) Spectrum of emitted light. 
 

 
The radiation emitted by a given LED is not strictly monochromatic, but has a spectral 

distribution centered at the most probable wavelength corresponding to the forbidden band gap. In 
Fig. 7b, the present structure covers the wavelengths in the range 390 to 480 nm, with a maximum 
at 468 nm corresponding to blue colour [73]. 

 
3.3. Effect of varying quantum well number on MQW LED characteristics 
The effect of the well number on the MQW LED performance has been investigated, 

together with the most important parameters that affect performance. Examples are color shift and 
radiative recombination responsible for emitted light. The number of quantum wells in the MQW 
LED structure, in comparison with single well systems, is also studied. Fig. 8 represents the 
structure of the active zone with various quantum well numbers from 1 to 6 QWs.  
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Fig. 8. Atlas simulations for MQW LEDs with various QW numbers: (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 
 
 
The thickness of active zone, which contains the quantum wells, increases by increasing 

well number from 1 to 6 QWs. 
 
 
3.3.1 Effect on radiative recombination rate and luminous power 
Dependence of characteristics of MQW LEDs, with various quantum well numbers, are 

studied. Firstly, the effect of QW number on the radiative recombination rate, is shown in Fig. 9a. 
At 6.0 V anode potential, the radiative recombination rate significantly increases for the MQW 
device by increasing its QW number, with values 4×1028, 1.8×1029 and 2.2×1029 cm-3/s for 1, 2 and 
3 wells, respectively. This is rationalized by charge carrier increase in the wells leading to higher 
probability of recombination between holes and electrons [74]. In cases of 1, 2 and 3 wells, higher 
LED light emission and performance readily occur in higher well number. Higher well numbers 4, 
5 and 6, exhibit same value for radiative recombination rate of 3.8×1029 cm-3/s at 6.0 V 
polarization, that is higher than 3 and lower wells. One may wonder about the need for the 5 and 6 
QW structure, since their radiative recombination rates resemble that for the 4 QW. Considering 
other Auger and SHR re-combinations, the 6 QWs are still needed, as described below. 
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3.3.2 Effect on I-V and spectral plots  
When including other characteristics, such as the luminescence, I-V plots and spectrum 

power [75], the present MQW LED is better than the other structures, as it only needs low current 
and power to emit the desired color. The results indicate the need for higher QW number, with 
lower thickness to confine charges. A structure with only one or two quantum wells can be 
saturated with electron and hole carriers, and the carrier diffusion comes from the two sides of 
GaN(n) and GaN(p) that behave as pump of carriers. This means that at high current the number of 
emitted photons remains constant above a certain threshold. To overcome this problem, structures 
with multiple quantum wells are necessary, in congruence with earlier studies [76]. 

 
 

    
 

Fig. 9. Characteristics of MWQ LEDs with various well numbers. (a) Radiative recombination rate  
and (b) Luminous power. Simulations are made using various anode voltages. 

 
 
Luminescence power variation with anode voltage is shown in Fig 9b for different 

structures. Each quantum well has a different luminescence power value that increases with adding 
a new QW. The luminescence power in the swollen 1 well has a low value that still varies in the 
range 20 to 45 mW. Higher well number exhibits higher luminescence power even at 5.0 V or 
lower, which indicates that higher QW structures demand lower power to function. 

 
 

    
 

Fig. 10.  Effect of well number on LED characteristics. (a) the I-V plots and (b) power spectral density 
versus wavelength. 

 
 
As shown in the Figure 10a, the structures with 1 to 3 QWs have almost the same current 

value 3.4× 105 µA at 6.0 V. For the 4 QWs the current is ~2×105 µA. For higher well numbers the 
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current significantly decreases to reach values of ~1.4×105 and 2×104 µA in 5 and 6 QWs, 
respectively. The results are consistent with recent earlier studies describing UV emission LEDs 
[28]. The decrease in current values is justified by the increased re-combinations associated with 
higher MQW numbers, as observed earlier [77]. The present study gives rationalization for this 
behavior, based on improved re-combinations, specifically the radiative process. The radiative 
recombination opposes absorption in solar cells where hole and electron pairs are generated and 
separated to increase the needed photocurrent [78]. On the other hand, recombination lowers the 
photocurrent. Therefore, increasing the number of wells increases recombination and lowers 
photocurrent, which shows the need for MQWs in LEDs. As shown in Figure 10b, the spectral 
power vs the wavelength characteristics are significantly influenced by the number of added wells. 
With addition of each QW, the spectral power decreases within the wavelength range 380 to 480 
nm, as described earlier [43]. With 1, 2 and 3 wells, additional peaks can be observed in the 
wavelength range 420 to 440 nm [43] corresponding to the violet range. With more QWs, there is 
a longer wavelength shifting toward the blue color in the range 460 to 480 nm [79]. In case of 5- 
and 6-quantum wells, the additional violet peaks disappear. The spectral power is also lowest for 
the 6-quantum well LED, as it needs only low current to function. All such features are 
advantageous for the LED with higher quantum well numbers, and show how higher quantum well 
number may achieve higher performance with lower power consumption. 

 
3.4. Effect of mole fraction (x) on 6-QW LED characteristics 
The indium mole fraction (x) has been varied in the quantum well InxGa1-xN to see the 

effect on the MQW LED characteristics. This important parameter, which controls the InGaN 
layer band gap value, should not be randomly varied. It should not exceed 0.2 [80] due to 
considerations related to III-V systems, such as lattice mismatch and Wurtzite structure 
polarization. In the present 6-MQW LED structure, this limitation has been observed and the x 
value has been varied at less than 0.20.  

 
3.4.1. Effect on radiative recombination rate and luminous power 
Fig. 11a describes different radiative recombination rates for the 6-MQW LED structure 

with various indium mole fractions. At x=0.02, the radiative recombination rate has the lowest 
value of less than ~5×1010 cm-3/s. With increased mole fraction, the radiative recombination rate 
increases, in congruence with literature [81]. Fig. 11a shows radiative recombination rate values of 
~5×1015, ~5×1020 and ~1x1022 cm-3/s for at x=0.04, 0.08 and 0.10, respectively. The highest rate 
~1032 cm-3/s is observed at x=0.18. At x=0.16 the radiative recombination is ~1030 cm-3/s. 
Although x=0.18 shows higher radiative recombination rate, other characteristics should also be 
considered, vide infra. 

Indium mole fraction affects the band gap for the InxGa1-xN quantum well, as described by 
Vigard Equation (1) with a smaller discontinuity of conduction and valence (ΔEc and ΔEc), 
respectively. This affects polarization where electric field in this region decreases the 
accumulation of charge carriers at the interfaces of the limits of InxGa1-xN wells and GaN barriers. 
It thus decreases the charge carrier recombination and light emission.  Increasing the indium mole 
fraction narrows the band gap that affects emitted light. At x=0.02, the InxGa1-xN quantum well 
band gap is 3.32 eV that corresponds to wave length of 374 nm.  The offset of conduction band 
decreases compared to 2.6 eV for x=0.16 well. At x=0.04 the band becomes 3.25 eV, which 
corresponds to the wavelength 382 nm. Similar behaviors occur in other mole fraction values.  

The variation of luminous intensity with the anode voltage is shown in Fig. 11b for 
structures with various In mole fractions. The Figure shows that, at anode voltage 6.0 V, the value 
x=0.04 exhibits a luminous power 1×10-2 W, which increases gradually with increased In mole 
fraction. The mole fractions x=0.18 and 0.16 show only comparable power values of nearly 5×10-2 

W.   This justifies the choice for x=0.16 here, which is enough to reach the blue color wavelength 
468 nm. Therefore, the x=0.16 competes with the value x=0.18, despite that the latter exhibits 
higher radiative recombination rate, as described above. 
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3.4.2. Effect on I-V and spectral plots 
Fig. 12a summarizes the effect of In mole fraction (x) on the MQW LED I-V plots. The 

Figure shows that the current decreases with increased mole fraction, until x=0.16 is reached.  At 
6.0 V, the system with x=0.18 needs higher current (8×104 µA) than that for x=0.16 (3×104 µA). 
This result makes the x=0.18 value unfavorable for the MQW LED, despite the fact that it shows 
higher radiative recombination rate than x=0.16, as described in Section 3.4.1 above. Therefore, a 
balance of is needed and the choice for x=0.16 should not be ruled out.  

Earlier studies also recommended the mole fraction to be in the range 0.00 to 0.16 [82].  
High indium mole fractions should be ruled out here to avoid lattice mismatch between the 
different materials. 

As per wavelength emission, the indium concentration in the InxGa1-xN has been used at 
less than 0.20, as described above. Fig. 12b indicates that the spectral power is influenced by the 
In mole fraction. The Figure confirms that increasing the indium mole fraction narrows the band 
gap, which affects the emitted light wavelength. At x=0.02, the InxGa1-xN quantum well band gap 
is 3.32 eV (corresponding to wave length of 374 nm).  At x=0.04 the band becomes 3.25 eV (382 
nm). Similar behaviors occur in other mole fraction values.  The offset of conduction band 
decreases to 2.6 eV for x=0.16 well. Increasing x value thus yields longer emitted light. All indium 
mole fractions less than x= 0.12 correspond to shorter wavelengths in the range 375 to 440 nm 
belonging to ultraviolet and violet color [3]. The x=0.12 exhibits a band gap ~2.8 eV that emits 
near blue light (443 nm), while x=0.16 emits longer wavelengths [83] of ~468 nm clearly as blue 
light [84].  At x=0.18, the LED emits in the green with wavelength ~480 nm. However, this does 
not necessarily mean that the value x=0.18 is better than x=0.16, as other parameters that control 
light characteristics should be considered. Therefore, a balance off is needed depending on what is 
exactly needed. For higher radiative recombination and longer emitted wavelengths, the x=0.18 is 
favored, whereas for power saving purposes and environmental concerns the x=0.16 is clearly 
more preferable.  

 

    
 

Fig. 11. Effects of In mole fraction on 6-MQW LED characteristics at various anode voltages:  
(a) Radiative recombination rate and (b) Luminous Power. 
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Fig. 12.  Effects of In mole fraction on MQW LED characteristics at various anode voltages:  
(a) I-V plots and (b) Spectral power vs wavelength. 

 
 
Collectively, the results indicate the sensitivity of the proposed MQW LED device to a 

number of variables, among which are the In mole fraction, number of well layers and anode 
applied voltage. However, other parameters, such as thickness and doping concentration of various 
layers, in addition to height and thickness of electron blocking layer (EBL) are also worth to 
investigate in the future. Moreover, the external quantum efficiency is worth to assess in order to 
determine power saving in MQW LEDs. 

 
 
4. Conclusion 
 
A 6 quantum well light emitting diode (MQW LED) structure of the GaN(n)/InxGa1-

xN(i)/GaN(i)/AlGaN(p)/GaN(p) has been simulated here using the SILVACO TCAD (ATLAS 
module) software. InxGa1-xN(i) is used as the quantum well, AlGaN(p) is used as an electron 
blocking layer (EBL) and GaN(p) is the barrier. Many parameters and models have been utilized 
to simulate the MQW LED structure and to control its characteristics and to enhance its 
performance. The MQW LED performance can be improved by improving re-combinations, 
especially the radiative re-combinations that are responsible for light emission process. Effects of 
electric field and band discontinuity between InxGa1-xN quantum wells and GaN barrier have been 
investigated and interpreted. The results show that the MQW LED characteristics are sensitive to 
variation in number of quantum wells and to In mole fraction values at 0.18 or less. The band gap 
value can also be tuned by controlling indium mole fraction to reach the desired color. Other 
characteristics, such as current versus voltage plots (I-V), luminosity and spectral power, have 
been tailored as desired by controlling indium mole fractions. Among various mole fractions, the 
0.16 value device is most economic in terms of needed current, while the 0.18 value is favored for 
longer emitted light and higher radiative recombination rates. 
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