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Abstract. Light emitting diode (LED) employed a numerous applications such as displaying information, 
communication, sensing, illumination and lighting. In this paper, InGaN/AlGaN based on one quantum well 
(1QW) light emitting diode (LED) is modeled and studied numerically by using COMSOL Multiphysics 5.1 
version. We have selected In0.06Ga0.94N as the active layer with thickness 50nm sandwiched between 
0.15µm thick layers of p and n-type Al0.15Ga0.85N of cladding layers. We investigated an effect of doping 
concentration on InGaN/AlGaN double heterostructure of light-emitting diode (LED). Thus, energy levels, 
carrier concentration, electron concentration and forward voltage (IV) are extracted from the simulation 
results. As the doping concentration is increasing, the performance of threshold voltage, Vth on one 
quantum well (1QW) is also increases from 2.8V to 3.1V.   

1 Introduction  
Wide band gap gallium nitride (GaN) based 

semiconductor device has become a great potential of 
electronic and semiconductor research community due to 
its extensive applications for optoelectronic devices in 
the blue and ultraviolet (UV) wavelength region. 
Gallium nitride (GaN) based LEDs have played a 
progressively imperative roles in countless promising 
reals, for instance, an exterior automobile lighting, traffic 
signals, backlighting sources for solid-state lighting and 
liquid-crytal displays (LCD) [1]. Thus, the wavelength 
range determines the LED applications for instance blue 
LED with 430nm-470nm is used for medical field while 
other range operates in different fields.  

The improvement in these devices obtained by 
enhancing the device structure and quality is still on 
research progress which look forward to upgrading its 
efficiencies and performances. Efficiency droop effect 
[2], high forward voltage [3], current-crowding [4], low 
hole concentration in p-GaN [5] are such an obstacle that 
is still under research progress. Thus, several solutions 
have been introduced to overcome these problems. 
Besides, doping concentration also lead to a serious 
issues in GaN. It has been widely observed by many 
research communities that an electron mobility increases 
when the free electron concentration is decreased, and 
then decreases after a critical electron concentration is 
reached. The threshold voltage is typically in the low 
1x1017cm-3 range and is dependent upon the threading 

dislocation density. In this context, the improvement of 
increasing doping concentration in gallium nitride (GaN) 
LED structure has a great importance for better 
performances in GaN LED structure. 

The modelling, design and to understand more into 
a complex nitrides device structure needs multiphysics 
tool [6]. Furthermore, during last few recent years, 
various method of numerical modelling and simulation 
of gallium nitride (GaN) based light-emitting diode 
(LED) have been published and develop [7-11]. Thus, 
for enhancing the device performance of GaN LED, 
typically the doping concentration plays an important 
roles to increase the great performance of light-emitting 
diode itself. 

 In this work, a study is performed to evaluate an 
effect of doping concentration on InGaN/AlGaN double 
heterostructure gallium nitride (GaN) LED. Fundamental 
relations such as the band diagram, carrier concentration, 
electron concentration, current-voltage characteristics 
(IV) are explored with different values of doping 
concentration. 

2 LED device modeling 

Single quantum well (1QW) InGaN/AlGaN LED is 
investigated in multiphysics tool to depict the behaviour 
of LED. One quantum well (1QW) is basically designed 
with 3 domains namely, n-AlGaN from coordinate 0µm 
to 0.15µm, first quantum well (QW) of InGaN from 
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0.15µm to 0.155µm and p-AlGaN region from 0.155µm 
to 0.305µm respectively.  

 
 

Fig. 1. Device geometry for 1QW InGaN/AlGaN double 
heterostructure LED. 
 
 

The device structure can be modeled using 1D line 
in Comsol. The lower AlGaN layer represents n-doped 
and the upper AlGaN layer denotes p-doped. Meanwhile, 
InGaN layer which is located in the centre between two 
AlGaN layers is undoped. This constructs a P-I-N diode 
structure with the central (intrinsic) undoped region, 
InGaN layer that emits light.  

In this study, the boundary conditions referred to p 
and n metal contact boundary conditions are applied to 
InGaN/AlGaN double heterostructure LED. Moreover, 
the boundary conditions play an imperative roles as this 
feature is added to the bounds of device structure for 
applying voltages and currents to the device. Next, the 
boundary conditions are vital to toggle amid the 
continuous quasi-Fermi levels and thermionic emission 
heterojunction continuity models. In addition, optical 
transitions are applied in this model to calculate the 
value of spontaneous emission from LED. This is 
important as it will assist and make it straightforward to 
calculate the process such as atom or molecule transition 
from an excited energy state to a lower energy state and 
emits a quantum in the form of photon.  

Besides, the number of doping concentration is 
applied for all domains of p and n-type AlGaN. The 
range of doping concentration is 1016 cm-3 to 1019 cm-3. 

This doping concentration range is a possible range for 
light-emitting diode devices to effectively operate in 
various applications.  

Next, Auger recombination feature is added to the 
structure as it functionally to include a non-radiative 
recombination mechanism. Thus, this is the only 
possible non-radiative recombination mechanism, in fact 
a various technique may be present such as lattice or 
impurity scattering and phonon interactions. Besides, the 
purpose to display a proof model, Auger recombination 
is adequate to monitor the behaviour such as the 
efficiency is reduced as the current densities are 
increased. In addition, trap-asisted recombination feature 
is added to all domains in the LED structure.  

In addition, mesh is applied onto the entire 
geometry of 1D of InGaN/AlGaN double heterostructure 
LED. The first distribution is developed for domain 1 
and 3 only. Meanwhile, second distribution is built for 
domain 2 only. The mesh is important for a device 
structure as it can evaluate the transition area of electron 
and photon.  

Afterwards, two types of studies which are 
preliminary study and bias voltage are evaluated and 
contemplated in this work for resolving the problems. 

Firstly, the preliminary study is mainly focused on 
ramping the doping and analyse the data transition from 
the continuous quasi-Fermi level heterojunction to the 
thermionic emission layer. This work includes two study 
modules whereby the first module solves the case of zero 
applied bias, by using a low value of doping and the 
continuous quasi-Fermi level heterojunction continuity 
model. The resolution from this module is used as an 
indicator for the second study module which changes to 
the thermionic emission continuity model and ramps the 
doping up to the preferred level.  

Secondly, the biased voltage study is evaluated and 
represented as voltage sweeps across the device in the 
range from 0V to 3.3V. This feature extracts an energy 
level diagram for the device along with the carrier 
concentration distribution and the current-voltage 
characteristics (IV) relation.  

Furthermore, the performance of single quantum 
well (1QW) InGaN/AlGaN double heterostructure LED 
is compared based on energy levels, carrier 
concentrations, current-voltage characteristics (IV) at 
different values of doping concentration in a range from 
1x1016 cm-3 to 1x1019 cm-3.   

2 Simulation result and discussion 

 

                             (a) 

 

        (b) 
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        (c) 

 
               (d) 
 
Fig. 2. Energy band diagram at 0V for doping concentration (a) 
1x1016 cm-3 (b) 1x1017 cm-3 (c) 1x1018 cm-3 (d) 1x1019 cm-3. 
 
 Fig. 2 depicts the energy band diagram at 0V for 
doping concentration of 1x1016 cm-3, 1x1017 cm-3, 
1x1018 cm-3 and 1x1019 cm-3. Based on the band diagram 
illustrated in Fig.2, the semi.Ec, semi.Ev, semi.Efn, 
semi.Efp are the designation for conduction band, 
valence band, quasi-Fermi level in region n and p 
respectively. It shows that the potential barrier is formed 
between the left side n-doped region and p-doped region. 
This occurs due to the potential well in both conduction 
and valence band are lower than the band gap of InGaN 
layer. Fig. 2(a) depicts a linear relation of energy 
diagram for both conduction and valence band at 0V for 
doping concentration of 1x1016 cm-3. Meanwhile, as 
doping concentration increases from 1x1016 cm-3 to 
1x1019 cm-3, the trend changes from linear to curvature 
relation. This is because the number of holes and 
electron is increased due to the number of doping 
concentration which also increased in the recombination 
process. In addition at zero bias, the quasi-Fermi level is 
away from the band edges of InGaN layer for all 
modules.  

 

 
               (a) 

 
       (b) 

 
      (c) 

 
                                       (d) 
 
Fig. 3. Energy band diagram at 3.3V results for doping 
concentration (a) 1x1016 cm-3 (b) 1x1017 cm-3 (c) 1x1018 cm-3 
(d) 1x1019 cm-3. 
 

Fig. 3 displays that under voltage bias 3.3V, the 
holes will be injected into one quantum-well (1QW). 
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Besides, the height of potential barrier between n-region 
and p-region is decreased when forward biased at 3.3V. 

 Fig. 3(a) depicts that the level of conduction and 
valence bands is far enough from the Fermi-level in the p 
and n-type materials. As the number of doping 
concentration is increased, the trend of semi.Ec and 
semi.Ev is close enough to the Fermi-level. 

 In all models, the hole quasi-Fermi energy levels 
are very near to the valence band edge. Thus, it can be 
predicted that both conduction and valence bands are 
populated with electrons and holes respectively at 
aforementioned forward bias condition in all modules. 
This is due to the materials that are brought together to 
form a junction. 
 
 

 
        (a) 

 
         (b) 

 
        (c) 

 
        (d) 
 
Fig. 4.  Carrier concentration at zero bias (a) 1x1016 cm-3 , (b) 
1x1017 cm-3 , (c) 1x1018 cm-3 , (d) 1x1019 cm-3 

Fig. 4 demonstrates the carrier concentration 
involving both holes and electrons for different values of 
doping concentration in a range from 1x1016 cm-3 to 
1x1019 cm-3. As illustrated in Fig. 4, as the number of 
doping concentration increases, the combination peak of 
holes and electron reaches approximately at the same 
level.  

  

         (a) 

 

         (b) 
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          (c) 

 

          (d) 

Fig. 5. Carrier concentration at 3.3V forward bias (a)  1x1016 
cm-3, (b) 1x1017 cm-3 , (c) 1x1018 cm-3, (d) 1x1019 cm-3 

 As illustrated in Fig. 5, the carrier concentration 
versus device coordinate plot showed that the population 
of carriers in InGaN layer increased drastically with the 
increased bias of LED along with a different number of 
doping concentrations. This occurs as doping 
concentration is increased gradually from 1x1016 cm-3 to 
1x1019 cm-3 whereby the number of holes and electrons 
also increased.  

 

Fig. 6. Current-voltage (IV) characteristics for different value 
doping concentration. 

 Fig. 6 indicates the current-voltage (IV) 
characteristics for different values of doping 
concentration. In addition, the light-emitting diode is 
biased in voltage ranges of 0V-3.3V. Besides, the graph 
depicts that the value of threshold voltage, Vth is 
increased with a low value of doping concentration, 
1x1016 cm-3. Meanwhile, the minimum turn on voltage is 
needed for LED to operate at a high doping 
concentration which is 1x1019 cm-3. This is happen due 
to the minimum energy needed to turn-on voltage as 
both electron and holes are increased along with an 
increment of doping concentration.  

3 Conclusion 
In this paper, the InGaN/AlGaN double 

heterostructure light-emitting diode (LED) is 
successfully developed. The band diagram, carrier 
concentration, electron concentration, current-voltage 
characteristics (IV) are studied with their relation at 
different values of doping concentration. It is observed 
that energy band diagram under zero bias caused the 
potential barrier to be created between the left side n-
doped and p-doped regions. Meanwhile, under 3.3V 
forward bias, potential barrier between p and n-doped 
region is decreased as the forward bias is applied. This is 
caused by the different materials which are brought 
together to form a junction. Besides, as the number of 
doping concentration increases, the peak of holes and 
electrons combination reaches approximately zero. 
Under forward bias of 3.3V, the population of carriers in 
InGaN layer increased drastically through the increment 
of LED’s drive voltage along with different levels of 
doping concentration. The current-voltage (IV) 
characteristics extract that the threshold voltage, Vth is 
higher at lower doping concentration.  
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