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Abstract:
The thermal and electrical properties of GaN (gallium nitride) and ZnO (zinc oxide)
materials are firstly analyzed and verified that those two materials can be worked
together in the room temperature. Secondly, the features of the energy band diagram
of p-GaN/n-ZnO heterojunction at equilibrium, forward and reverse biases are
presented with the help of diagrams. Unfortunately, these band diagrams are similar to
the homojunction structure even using the two different groups of semiconductor
materials. Moreover, the built-in voltage of these band diagrams is approximately
1.85 V which is too small over the values of threshold voltages of those two
semiconductor materials are nearly 3 V. In this condition, the recombination process
emitted the photons cannot occurred. Therefore, the p-GaN/n-ZnO heterojunction
structure may not be an LED because the recombination process is a very important
mechanism for LED, but this is appropriate for the photodector which is against the
recombination process. To get the suitable structure for LED, the energy band gap of
the p-type or n-type layer must be higher than that of other layer. In this research work,
the MgZnO (magnesium zinc oxide) material is utilized as the n-type layer instead of
the ZnO material because the ZnO and MgZnO materials have some of the same
properties. The band diagram, voltage-current characteristics and luminescence
intensity of p-GaN/n-MgZnO heterojunction LED are discussed in details in this
research work. Finally, the possible emission colour of p-GaN/n-MgZnO
heterojunction can be estimated as the ultra-violet (UV) emission. Therefore, p-
GaN/n-MgZnO heterojunction may be used as an UV LED.
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1. Introduction
Nowadays, the semiconductor devices have the vital roles to improve the current

society and modern technology because all the updated electronic devices are not
provided without using the semiconductor device. The more enhance the
semiconductor technology, the more comfort the human society was. A light emitting
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diode (LED) is a semiconductor light source. The early LEDs were emitted low-
intensity red light, but modern versions are available across the visible, ultraviolet,
and infrared wavelengths, with high brightness by using high band gap materials.

The GaN LEDs have very high mobility and brightness like as the incandescent
lamps. Moreover, the GaN LEDs are presented many advantages over incandescent
light sources including lower energy consumption, longer lifetime, improved
robustness, smaller size, and faster switching. Unfortunately, the process of
fabrication for GaN material is not safe for environment because of using toxic
elements. Therefore, the most technicians are proposed the ZnO material instead of
the GaN material because their properties are approximately equal. The
semiconductor III-V and II-VI group have the high energy band gap between the
conduction band and the valance band. The GaN (III-V) material and the ZnO (II-VI)
material have the high energy band gap like as 3.4eV and 3.37eV respectively [1].

Zinc oxide (ZnO) material, which is with the excellent electrical properties, is cheap
and non-toxic. The ZnO is applied as an n-type semiconductor because of its wide
band gap 3.37 eV, large exciton binding energy 60 meV, and high mobility [2]. The
ZnO is rapidly emerging as a third class of promising wide gap semiconductors. The
ZnO and related materials which are the two other classes of wide gap semiconductors,
GaN and SiC are currently revolutionizing an increasing number of applications and
bring apparent benefits to vast areas of development, such as lighting,
communications, biotechnology, imaging, energy conversion, photovoltaic, and
medicine, with energy-efficient, saving and environment-friendly devices. Therefore,
many researchers tried to replace ZnO in the use of GaN materials [3].

2. Optical Processes

2.1. Fundamental Optical Process
Important mechanisms of interaction between the photons and the electrons in

optical devices are shown in Figure 1. [4].

Figure 1. Fundamental Optical Processes , (a) Absorption, (b) Spontaneous Emission, and (c)
Stimulated Emission .

a. Absorption: The light called photon is absorbed by flow of electric current from a
filled state of the valence band to an empty state of the conduction band.

For example: Photodetector or Solar Cell
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b. Spontaneous Emission: An electron from the conduction band is returned to the
empty state of valence band which is known as recombination process and it is emitted
the photons.

For example: Light Emitting Diode (LEDs)

c. Stimulated Emission: An incident photon can be stimulated the emission of
another photons (hv), also occurred recombination process. It is given out a net of two
photons.

For example: Laser Diode (LDs)

2.2. Electroluminescent Devices
Luminescence is defined as the emission of optical spectrum (ultraviolet, visible, or

infrared) as a result of the external electrical excitation to the devices, excluding any
radiation which is the result purely of the temperature of the material (incandescence).
Although the radiation of different wavelengths must be excited by the different
methods, all of them are alike as far as the fundamentals are related. The visual range
of the human eye has been extended only from about 0.4 µm to 0.7 µm. The infrared
region is located from 0.7 µm to about 200 µm and the ultraviolet region has the
wavelength range from 0.4 µm to about 0.002 µm (20 A). Types of luminescence may
be distinguished in accordance with the source of the input energy:

(1) Photoluminescence involving excitation by optical radiation,

(2) Cathodoluminescence by electron beams or cathode ray,

(3) Radioluminescence by other fast particles or high-energy radiation, and

(4) Electroluminescence by electric field or current.

The chart of specific electromagnetic spectrum is shown in Figure 2 and has related
to the energy bandgap of the semiconductor materials.

Figure 2. Visible and Near-Visible Electromagnetic Spectrum.

3. Background Theories

3.1. Energy Band Diagram of Semiconductors
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The energy band diagram of the semiconductor materials can be evaluated by using
the Equation 1 to Equation 16. The charge density of semiconductor is defined by the
following Equation 1.
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where Na is the acceptor concentration in the p-side, and ND is the donor
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where εp and εN are the permittivity in the p- and N- types. The electric field is also

provided by using the two linear functions.
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The boundary condition states that the normal displacement vector D=εE is provided at x=0

continually.
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Figure 3. Band Diagram of a p-N Heterojunction (a) Before and (b) After Contact.
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where the potential voltage Vo is Vo = Vop + VoN .
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The width of the depletion region xw is also related to Vo as the following Equation 14.
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The band edge Ev(x) is defined as follows:
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Figure 4. Band Diagram of a p-GaAs/N-AlGaAs Heterojunction with Na = 1×1018 cm-3 in the
Narrow Gap p-region and ND=2×1017cm-3 in the Wide Gap N- region.

The conduction band edge Ec(x) is above Ev(x) by an amount Egp on the p-side and
by an amount EGN on the N-side.
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3.2. Emission Spectrum of Semiconductors
The spontaneous recombination process is the very important mechanism for the

super luminescent LEDs and semiconductor lasers. The optical properties of LEDs
can be determined by the spontaneous recombination.

Figure 5. Parabolic Electron and Hole Dispersion Relations Showing “Vertical” Electron-Hole
Recombination and Photon Emission.
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where me* and mh* are the electron and hole effective masses, ħ is Planck’s
constant divided by 2π, k is the carrier wave number, and EV and EC are the valence
and conduction band edges, respectively.

The photon energy is defined by the difference between the electron energy, Ee, and
the hole energy, Eh and is followed by the energy conservation.

hv = Ee - Eh ≈ Eg (19)

The emitted photon energy is approximately equal to the bandgap of material, Eg.
Thus the desired emission wavelength of an LED can be obtained by selecting a
semiconductor material with appropriate bandgap energy. For example, GaAs has
bandgap energy of 1.42 eV at room temperature and so, the possible emission light of
GaAs LEDs is emitted at the infrared wavelength of 870 nm.

A carrier with kinetic energy kT and effective mass m* has the momentum related a
carrier with kinetic energy kT.

kTm2vm
2
1m2vmp *2***  (20)

The momentum of a photon with energy Eg can be derived from De-Broglie
relation:

p = ħk = (hv/c) = (Eg)/c (21)

Using the requirement that electron and hole momenta are the same, the photon
energy can be written as the joint dispersion relation.
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where mr*is the reduced mass given by
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Using the joint dispersion relation, the joint density of states can be evaluated.
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The distribution of carriers in the allowed bands is given by the Boltzmann
distribution, i.e.

)kT/(E
B e)E(f  (25)

The emission intensity as a function of energy is proportional to the product of
Equations (24) and (25).

)kT/E(
g e.EE)E(I  (26)

The line shape of an LED is shown in Figure 5. The maximum emission intensity
can be defined by Equation 27.
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Maximum emission intensity is as follows:

2
kTEE g  (27)

Full-width at half-maximum of emission,
kT8.1E  (28)

(for Energy E)

hc
kT8.1 2


(29)

(for the wavelength λ)

The emission intensity profile of an LED may be defined as a function of
wavelength λ. The energy E can be defined as follow [18]:




hcE (30)

Figure 6. Theoretical emission spectrum of an LED.

4. Implementations of LEDs

4.1. Work Flow Diagram of Implementation for Light Emitting Diode
The Work Flow diagram of implementing the proposed LEDs is shown in Figure 7.

Figure 7.Work Flow Diagram of the Designed LED.

To design the LEDs, the semiconductor materials which have the wide gap and
short wavelength are chosen firstly. And then, the electrical and thermal properties of
the selected materials are analyzed because those materials are whether suitable for
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Light Emitting Diode or not. Moreover, the band layer of the proposed LED is
designed with the references of the previous research works and the energy band
diagram of the designed LED at equilibrium is illustrated based on computer
simulation approaches. In addition, the band diagrams of the designed LED are also
illustrated when the forward bias and reverse bias are applied to the LED and then the
voltage-current characteristic curves of the LED are provided. Finally, the
luminescence intensity and the possible colour range of the selected materials and
LED are estimated in this chapter.

4.2. Semiconductor Materials for LEDs
To form the LEDs, the suitable semiconductor materials are chosen according to the

properties of those semiconductors. The selected semiconductor materials must have
the wide direct band gap between the conduction band and valance band. Radiative
recombination which is an important process for the emitting light is favoured in the
direct-gap semiconductors and as a result the materials chosen for most practical
LEDs are direct gap. The GaN (gallium nitride) is the III-V group material and the
ZnO (Zinc Oxide) is the II-VI group material. These two materials are also the direct
gap materials. The comparisons between GaN and ZnO materials are given in Table 1.

Table 1. Comparisons of the Properties Between GaN and ZnO Materials.

GaN Material ZnO Material

III-V group II-VI group

Direct band gap semiconductor materials

a wide band gap of 3.47 eV a wide band gap of 3.437 eV

This large bandgap is very useful for short wavelength light emitters.

There are used in optoelectronic, high frequency and high power application.

Typically grown with a wurtzite structure.

According to the Table 1, the GaN and ZnO materials are the wide and direct band
gap materials which are appropriate for the light emitting diode.

4.3. Energy Gap and Temperature Relationship of Semiconductor Materials
The properties such as the electrical propertyand thermal property can be analyzed

by using the Equation 30.
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where Eg is the energy bandgap (eV), Eg (0K) is the energy bandgap at
temperature (0K), T is the temperature (K), and α and β are the bond angles, (also
called Varshni parameters) [22].

As the temperature is increased, the space between the edges of the conduction
band and valance band is narrower exponentially according to the Equation 31. The
required parameters for calculation the relationships of temperature and the energy
band gap of semiconductors such as GaN (Gallium Nitride), GaP (Gallium
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Phosphide), GaAs ( Gallium Arsenide ), InP (Indium Phosphide), Si (Silicon ), Ge
(Germanium), ZnO (Zinc-Oxide), AlN (Aluminium Oxide), GaSb (Gallium
Antimonide), InN (Indium Nitride), InAs (Indium Arsenide), InSb (Indium
Antimonide) are provided in Table 2. By using the parameters in Table 2, the energy
band gaps of the semiconductor materials versus the temperature can be calculated by
using the Equation 31.

Table 2. The Varnish Parameters of the Semiconductor Materials.

Materials Eg (0K) (eV) α (10-4eV/K) β (K)

GaN 3.47 7.7 600

GaP 2.34 6.2 460

GaAs 1.519 5.41 204

InP 1.425 4.5 327

Si 1.17 4.73 636

Ge 0.744 4.77 235

ZnO 3.437 5.5 900

AlN 6.026 18 1462

GaSb 0.813 3.78 94

InN 1.994 2.45 624

InAs 0.415 2.76 83

InSb 0.24 6 500

The energy gap of the materials is inversely proportional to the temperature value.
The energy band gap between the conduction band and valance band of the
semiconductor material is narrowed exponentially as the temperature is increased
according to the Equation 30. According the parameters of the Table 2, the related
curves of the temperature and the energy band gap of the semiconductor materials can
be presented in Figure 8 and Figure 9 respectively. And then, the related works of
temperature and bandgap of the GaN and ZnO materials are analyzed and
demonstrated in Figure 10 and Figure 11 respectively.
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Figure 8. Temperature Vs Energy Curves of the Semiconductors such as GaN, GaP, GaAs, InP,
Si, and Ge.

Figure 9. Temperature Vs Energy curves of the Semiconductors such as ZnO, AlN, GaSb, InN,
InAs, and InSb.

Figure 10. Temperature vs. Energy Curve of the GaN Material.

Figure 11. Temperature Vs. Energy Curve of the ZnO Material.
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The GaN and ZnO materials are analyzed and presented as shown in Figure 12. The
bandgap values of those materials are decreased as the temperature value is increased.
Especially, those related curves are crossed each other nearly the 300 K temperature.
According to this result, the band gaps of those two materials are equal and the GaN
and ZnO alloy may be working together at room temperature. Moreover, those two
materials have the other same properties such as the wide bandgap materials, the short
wavelength and the high mobility, and these properties are appropriate to form the
optoelectronic device.

Figure 12. Temperature Vs. Energy Curves of the GaN and ZnO Materials.

4.4. The Proposed Band Layer of LED
The researchers tried to achieve the electrical and optical improvements of the

GaN-based and ZnO-based LEDs and other optical devices by using the computer
based simulation approaches and the various experimental processes according to the
previous literature reviews.

The GaN LEDs have very high mobility and brightness like as the incandescent
lamps. Moreover, the GaN LEDs are presented many advantages over incandescent
light sources including lower energy consumption, longer lifetime, improved
robustness, smaller size, and faster switching. However, unfortunately, the process of
fabrication for GaN material is not safe for environment because of using toxic
elements. Therefore, many researchers are proposed the ZnO material instead of GaN
material because some properties of these two materials are approximately equal.

Figure 13. The Proposed Band Layer of p-GaN/n-MgZnO LED

The semiconductor III-V and II-VI group have the high energy band gap between
the conduction band and the valance band. The GaN (III-V) material and the ZnO (II-
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VI) material have the high energy band gap like as 3.4eV and 3.37eV respectively
[11]. The p-GaN/n-ZnO heterojunction LED design is proposed as shown in Figure 13.

According to the result information from the previous literature reviews, the GaN
material can be used for the p-type layer and the ZnO material is more suitable for n-
type layer. The Si (silicon) material can be used as a substrate layer because it is
supported to achieve the high brightness emission of LED which can be used in
optical communication system.

Firstly, the electrical and thermal properties of the selected materials can be
estimated and the energy band diagram of the combined LED can be illustrated with
the help of the theoretical approaches. As a result, it can be determined that those two
materials are whether suitable for the light emitting diode (LED) or not. And then, the
voltage-current (VI) characteristics of the LED can be evaluated to know the
threshold voltage called turn-on voltage and compared to the built-in voltage obtained
from calculation the energy band diagram of LED. As a result, it can be estimated
whether it is operated like as the LED or not. Finally, the photo emission rate of the
LED can be calculated as a function of energy and also focused the colour emission
spectrum of the LED with the wavelength (nm) at their maximum luminescence
intensity (arb.unit).

4.5. Analysis on Band Diagram of LEDs
A band diagram can be plotted with various key electron energy levels (Fermi level

and nearby energy band edges) as a function of some spatial dimension, which is
often denoted as x. The operation of many kinds of semiconductor devices can be
explained with the help of the band diagram of diode and it is used to visualize band
bending.

Figure 14. Band Diagram of p-GaN/n-ZnO LED at Equilibrium by using Na = 4 × 1017 cm-3.

4.5.1. Band Diagram of p-GaN/n-ZnO LEDs at Equilibrium
The implementations for the band diagram of p-GaN/n-ZnO heterojunction LED at

equilibrium are presented in this section. The Fermi level, the conduction and valence
band edges and the depletion region width as a function of energy can be varied as the
amount of external supplied voltage. The band diagram calculations with Na = 4 ×
1017 cm-3 and Nd = 2 × 1019 cm-3 are illustrated in Figure 14. The depletion region of
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p-type xp is 50 times that of n-type (xn) by using the acceptor concentration Na = 4 ×
1017 cm-3 and the donor concentration Nd = 2 × 1019 cm-3. Therefore, this difference is
so far because the value of the acceptor concentration is 100 time that of the donor
concentration. When the Na = 4 ×1018 cm-3 is used, the space of the depletion region
of (xp) is 5-times that of the (xn) as shown in Figure 15.

Figure 15. Band Diagram of p-GaN/n-ZnO LED by using Na = 4 × 1018 cm-3.

4.5.2. Band Diagram of p-GaN/n-ZnO LED at Forward and Reverse Biases
When the applied voltage to the p-GaN/n-ZnO heterojunction LED is forward

biased, the depletion regions have been become to be narrower and the electro static
area is shorter than that of p-GaN/n-ZnO LED at zero-biased condition.
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By using the Equation (32) to (35), the operating features of the band diagram of p-
GaN/n-ZnO hetero-junction LED can be changed as a function of the supply voltage
V which may be forward biased or reverse biases. Therefore, the difference between
the Fermi levels of p-type and n-type materials is totally dependent on the amount of
supply voltage V and the charge q, and this different space has been related to the
amount of qV.

The carriers are easily crossed through the pn-junction and the electric current is
flowed through it. In this condition, the electron and hole carriers are combined near
the junction. So, the recombination process can be occurred and emitted the photon.
The recombination rate is totally depending on the carrier lifetime and the amount of
the supply voltage to the LED. When the forward bias (+0.5V) is applied to the LED,
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the depletion region of p-type is 59.1 µm and that of n-type is 1.2 µm as shown in
Figure 16. The depletion region of p-type is 30.2 µm and that of n-type is 0.6 µm
when the supply voltage is (+1.5 V) as shown in Figure 17. As the forward bias
applied to the device is increased, the width of the depletion region of the band
diagram is narrower and the amount of the electro static barrier ϕ(x) is also shorter
than that of the band diagram at the thermal equilibrium state.

Figure 16. Band Diagram of p-GaN/n-ZnO LED at Forward Bias (0.5V).

Figure 17. Band Diagram of p-GaN/n-ZnO LED at Forward Bias (+1.5V).
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Figure 18. Band Diagram of p-GaN/n-ZnO LED at Reverse Bias (-0.5V).

Figure 19. Band Diagram of p-GaN/n-ZnO LED at Reverse Bias (-2.5V).

When the reverse bias is applied to the device, the depletion region is wider and the
electro static area is higher than that of LED of the zero-biased condition. When the
reverse bias (-0.5V) is applied to the device, the depletion region of p-type is 78.0 µm
and that of n-type is 1.6 µm as shown in Figure 18. The depletion region of p-type is
95.1 µm and that of n-type is 1.9 µm when the supply voltage is (-1.5 V) as shown in
Figure 19. As the increase of the reverse bias is applied to the device, the width of the
depletion region is wider. In this situation, the electron carrier from n-type material
and the hole from p-type material cannot be crossed through the wide depletion region.
So, the current cannot be flowed through the junction. As a result, the recombination
cannot be become and the photon cannot be emitted from junction.

4.5.3. Band Diagram of p-GaN/n-Mg0.4Zn0.6O LED at Equilibrium
The calculations for the band diagram of p-GaN/n-Mg0.4Zn0.6O heterojunction LED

at equilibrium state are presented in the previous chapter and these calculations are
illustrated with the Na = 1 × 1017 and Nd = 2 × 1016 cm-3 in Figure 20. By using the
more fraction (x=0.4), the built-in voltage of the device is approximately 3.53V. The
conduction band offset ∆Ec is 420 meV and the valence band offset ∆Ev is 111 meV,
and the depletion region of p-type is 75.8 nm and that of the n-type is 378.8 nm. The
energy of Fermi level from the valence band edge is 161.12 meV and that from the
conduction band edge is 130.73 meV as shown in Figure 20. The valence band offset
∆Ev and the width of the depletion region at the band diagram of p-GaN/n-MgxZn1-xO
are changing according to this mole fraction value x (0≤x≤0.4).

By using the more fraction (x=0.1), the valence band offset ∆Ev is 334 meV and the
depletion region of p-type is 74.1 nm and that of n-type is 370.5 nm as shown in
Figure 21. The valence band offset ∆Ev is 204.2 meV and the depletion regions ofthe
p-type and n-type are 74.7 nm and 373.3 nm by using the more fraction (x=0.2) as
shown in Figure 22.

By using the more fraction (x=0.3), the valence band offset ∆Ev is 56.7 meV, the
depletion region of p-type is 75.2 nm and that of n-type is 376.1 nm as shown in
Figure 23. As the result, the space of the depletion region is wider as the increased of
the value of the mole fraction (x).
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Figure 20. Band Diagram of p-GaN/n-Mg0.4Zn0.6O LED at Equilibrium.

Figure 21. Band Diagram of p-GaN/n-Mg0.1Zn0.9O LED at Equilibrium.

Figure 22. Band Diagram of p-GaN/n-Mg0.2Zn0.8O LED at Equilibrium
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Figure 23. Band Diagram of p-GaN/n-Mg0.3Zn0.4O LED at Equilibrium.

4.5.4. Band Diagram of p-GaN/n-Mg0.4Zn0.6O LED at Forward and Reverse Biases
The supply voltage can be applied to the p-GaN/n-Mg0.4Zn0.6O LED at forward and

reverse biases. When the forward bias (+1.5V) is applied to the device, the depletion
region of p-type is 57.4 nm and that of n-type is 287.2 nm as shown in Figure 24. The
electro static barrier is also shorter than that of the band diagram of the device at the
thermal equilibrium condition. When the forward bias (+2.5V) is applied to the device,
the depletion region of p-type is 40.9 nm and that of n-type is 204.5 nm as shown in
Figure 25. The electro static barrier is also shorter than that of the band diagram of the
device at the forward biased condition.

When the reverse bias is applied to the device, the depletion region is wider and the
electro static area is higher than that of LED of the forward biased condition. When
the reverse bias (-1.5V) is applied to the device, the depletion region of p-type is 90.4
nm and that of n-type is 452.2 nm as shown in Figure 26. The depletion region of p-
type is 99.0 nm and that of n-type is 495.2 nm when the supply voltage is (-2.5 V) as
shown in Figure 27. The space of the depletion region is wider than that of the band
diagram of the p-GaN/n-Mg0.4Zn0.6O heterojunctin at the reverse biased condition
with the amount of voltage (-1.5 V).

Figure 24. Band Diagram of p-GaN/n-Mg0.4Zn0.6O LED at Forward Bias (+1.5V).
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Figure 25. Band Diagram of p-GaN/n-Mg0.4Zn0.6O LED at Forward Bias (+2.5V).

Figure 26. Band Diagram of p-GaN/n-Mg0.4Zn0.6O LED at Reverse Bias (-1.5V)

In this state, the majority carriers cannot be passed through the wide depletion
region, the electric current excited by the external voltage cannot be flowed through
the junction and the photon cannot emitted from the device.

Figure 27. Band Diagram of p-GaN/n-Mg0.4Zn0.6O LED at Reverse Bias (-2.5V).
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4.5.5. Voltage-Current Characteristics of the Proposed Heterojunction LEDs
The physical characteristics of the LEDs are presented in section 4.6 and the

threshold voltage values of the LEDs were also calculated. Threshold voltage called
turn-on voltage must be 80% of energy band gap of material. This threshold voltage
of the individual materials can be calculated by hand calculation and programmed
based calculation and these results can be compared with each other.

The total current density is the sum of the two current densities as follows:
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The total current is I = jA with the cross-sectional area of the device.
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where A is the cross-sectional area, Dp is the hole diffusion constant, Dn is the
electron diffusion constant, ni is the intrinsic carrier concentration, τp is the hole
minority carrier lifetime, τn is the electron minority carrier lifetime, ND is the donor
concentration (pn0), and NA is the acceptor concentration (np0) [26].

Table 3. Parameters for Materials Used in Analysis

Materials GaN ZnO Mg0.4Zn0.6O
µn (cm2v-1s-1) 1000 200 300
µp (cm2v-1s-1) 350 50 20

Nc (cm-3) 2.245×1018 1.1765×1018 3.137×1018

Nv (cm-3) 5.08×1019 1.73×1019 1.79×1019

Dn=kBT×µn (cm2s-1) 25 5.175 7.8
Dp=kBT×µp (cm2s-1) 9 1.3 0.52








 


Tk
E

exp.NNn
B

g
vc

2
i (cm-3) 2.935×10-10 2.27×10-10 7×10-15

Some parameters are assumed approximately as the suitable parameters from text
book of optical electrical devices as follows: A= 0.15 cm2,τn= 10-8s, and τp= 10-7s.
Turn-on voltage also called threshold voltage must be approximately 80% of Energy
band gap by theoretical approach [26].

Von = 0.8×3.4=2.72V (for GaN)
Von = 0.8×3.37=2.696V (for ZnO)

Von = 0.8×3.931=3.145V (for MgZnO)

The voltage-current characteristics of the p-GaN/n-ZnO heterojunction and p-
GaN/n-Mg0.4Zn0.6O heterojunction which are operated by the computer simulation
approaches are mentioned in this section. The threshold voltage values of these
voltage-current characteristics of the devices can be compared with their turn-on
voltages which are provided by numerical approaches.

4.6. Voltage-Current Characteristics of p-GaN/n-ZnO Heterojunction LED
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When the external supply voltage which is applied to the LED is reached to the
level of the threshold voltage of this device, the current is significantly flow through it
and the recombination is occurred simultaneously, and then the photon is emitted
from it.

Figure 28. Voltage-Current Characteristic Curve of the GaN LED.

Figure 29. Voltage-Current Characteristic Curve of the ZnO LED.

Figure 30. Voltage-Current Characteristic Curve of the p-GaN/n-ZnO LED.

The voltage-current characteristic curve of GaN LED is shown in Figure 28 and the
threshold voltage called the threshold voltage of this curve is approximately 3.3V at
20mA. The VI characteristic curve of the ZnO LED is shown in Figure 28 and the
turn voltage of this curve is approximately 3.29V at 20mA. In Figure 30, the turn-on
voltage of p-GaN/n-ZnO LED is approximately 3.32V at 20mA. The built-in voltage
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of this device is 1.85 V, but the turn on voltage is 3.32 V. This difference between the
built-in voltage and turn on voltage is so far to become the recombination process.

4.7. Voltage-Current Characteristics of p-GaN/n-Mg0.4Zn0.6O Heterojunction LED
The Voltage-Current characteristics of the p-GaN/n-Mg0.4Zn0.6O Heterojunction

LED are explained in this section. The Voltage-Current characteristic of the
Mg0.4Zn0.6O LED is described in Figure 31. The turn-on voltage called threshold
voltage of the MgZnO LED is approximately 3.88 V at 20 mA. In Figure 32, the turn-
on voltage of p-GaN/n-Mg0.4Zn0.6O heterojunction LED is approximately 3.35V at
20mA. The built-in voltage of this device is 3.524 V, but the turn on voltage is 3.35 V.
This built-in voltage and turn on voltage is appropriate to become the recombination
process.

Figure 31. Voltage-Current Characteristic Curve of the MgZnO LED.

Figure 32. Voltage-Current Characteristic Curve of the p-GaN/n-Mg0.4Zn0.6O LED.

4.8. Luminescence Intensity Analysis of LEDs
The physical mechanism by which semiconductor LEDs emit light is spontaneous

recombination of electron-hole pairs and simultaneous emission of photons. The
optical properties of LEDs are determined by the characteristics of the spontaneous
recombination. The photo emission rates and luminescence intensity of the designed
LED are shown in this section.

The photo emission rate of GaN LED is shown in Figure 33 and its luminescence
intensity is shown in Figure 34 and the FWHM of wavelength (∆λ) is approximately
5nm. The photo emission rate of ZnO LED is shown in Figure 35 and its
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luminescence intensity is shown in Figure 36 and the FWHM of wavelength (∆λ) is
approximately 5.003 nm. The photo emission rate of Mg0.4Zn0.6O LED is shown in
Figure 37 and the luminescence intensity of this combined LED is shown in Figure 38,
respectively and the FWHM of wavelength (∆λ) is approximately 3.7nm.

Figure 33. Photo Emission Rate of the GaN LED.

Figure 34. Luminescence Intensity and Wavelength of the GaN LED.

Figure 35. Photo Emission Rate of the ZnO LED.
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Figure 36. Luminescence Intensity and Wavelength of the ZnO LED.

Table 4. Wavelength (λ) of the Selected LEDs at Maximum Intensity.

Materials Energy gap
Eg(eV)

FWHM
∆E(meV)

FWHM
∆λ(nm)

λ (nm)
(Max: Intensity)

GaN 3.4 46 4.95 363.5nm

ZnO 3.37 46 5.033 366.7nm

Mg0.4ZnO 3.93 46 3.7 314.5nm

The FWHM range and the wavelength λ (nm) at the maximum intensity spectrum
of the GaN, ZnO and Mg0.4Zn0.6O LEDs are presented in Table 4. The photo emission
rate and luminescence of the MgxZn1-xO LEDs are the function of energy and
wavelength shown in Figure 37 and Figure 38 according to the mole fraction values
(0.1~0.4) respectively, and the FWHM (wavelength) ranges are mentioned in Table
5.2. According to the spectral line width of LED emission, the GaN LED have
363.5nm, the ZnO LED have 366.7nm. As a result, the wavelengths at the maximum
emission range are decreased as the increased mole fraction value x. The possible
colour ranges of the proposed LEDs are estimated in Table .

Figure 37. Photo Emission Rate of Mg0.4Zn0.6O LED.



Volume 3, 2020 ISSN: 2664-0821
DOI: https://doi.org/10.31058/j.ap.2020.32002

Submitted to Applied Physics, page 41-46 www.itspoa.com/journal/ap

Figure 38. Luminescence Intensity and Wavelength of Mg0.4Zn0.6O LED.

Figure 39. Photo Emission Rate of LED.

Figure 40. Luminescence Intensity and Wavelength of LED.

The MgxZn1-xO LED with mole fraction values (0≤x ≤ 0.4) at room temperature
have energy gaps (3.4857eV, 3.6158eV, 3.7633eV and 3.9282eV), and then the
wavelength 354.5nm, 341.8nm, 328.5nm, and 314.7nm respectively. As a result, the
possible colour range of the pure GaN LED and pure ZnO LED has from the ultra-
violet to blue emission range. But, as the increased mole fraction level to MgxZn1-xO
LED, the colour range can be varied from the blue to ultra-violet emission.

Therefore, the possible emission colour range of p-GaN /n-ZnO LED could be from
the ultra-violet to blue emission. With n-MgZnO, it is more closely to the ultraviolet
(UV) range. When the InGaN which has 2.5eV will be used for p-type, it is more
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nearly to the blue emission range. But, this InGaN (indium gallium nitride) is not
safety for the living things. Based on this work, the p-GaN/n-Mg0.4Zn0.6O
heterojunction LED could be utilized to make the ultra-violet (UV) LED.

Table 5.Wavelength (λ) of the MgxZn1-xO LEDs at Maximum Intensity.

Mole
Fraction

(x)

Energy
Gap

Eg(eV)
me*

coefficient
(Joint Density)

(×1043)

Emission
Rate (max:)

FWHM
∆λ (nm)

λ (nm)
(Max:

Intensity)

0.1 3.4857 0.235 3.8581 8×10-17 4.7 354.5
0.2 3.6158 0.24 3.9526 6×10-19 4.37 341.8
0.3 3.7633 0.245 4.047 1.8×10-21 4.039 328.5
0.4 3.9282 0.25 4.1424 3.5×10-24 3.7 314.7

Figure 41. Photo Emission Rate of MgxZn1-xO LED

Figure 42. Luminescence Intensity and Wavelength of MgxZn1-xO LED.

Table 6. Colour Emission Range and FWHM value of the LEDs.

Materials Eg
(eV)

FWHM λ (nm)
(max: Intensity) Colour Emission Range

∆E(meV) ∆λ (nm)
GaN 3.4 46 4.95 363.5 ultraviolet~blue
ZnO 3.37 46 5.033 366.7 ultraviolet~blue

Mg0.1Zn0.9O 3.486 46 4.7 354.5 ultraviolet~blue
Mg0.2Zn0.8O 3.616 46 4.37 341.8 ultraviolet~blue
Mg0.3Zn0.7O 3.763 46 4.039 328.5 ultraviolet~blue
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Mg0.4Zn0.6O 3.93 46 3.7 314.7 ultraviolet~blue

5. Discussions
To form p-type and n-type layer of the light emitting diode (LED), some properties

of the used materials have to be the wide gap semiconductor material which should
have the short wavelengths, higher mobility, etc. Those properties are appropriate for
the high performance LED. Therefore, the candidates in this research work are the
gallium nitride (GaN) III-V material for p-type and the zinc oxide (ZnO) II-VI
material for n-type of the LED because those materials have the requirements to form
LED.

Firstly, the related-work between the bandgap and temperature of the GaN and ZnO
semiconductor materials is analyzed and compared with that of other semiconductor
materials. The curves of the GaN and ZnO materials are similar and crossed each
other near the value of temperature at 300K. As a result, those materials may be
working together at room temperature.

Secondly, the band diagram of p-GaN/n-ZnO at thermal equilibrium condition is
demonstrated by using the suitable parameters. This band diagram is similar to that of
the homojunction structure even used the different group of semiconductor materials.
Moreover, the built-in voltage of this band diagram is 1.85 V which is too small over
the turn-on voltage of this device is 3.32 mA at 20 mA obtained from the voltage-
current characteristic curve of p-GaN/n-ZnO. Therefore, this is not appropriate for
apply to from the high performance LED, but it is suitable for making the
photodetector (PD). However, the properties of the candidate materials are efficient
and suitable for the optical electronic devices. To get the heterojunction structure for
LED, the bandgaps of the p-type and n-type materials should be significantly different
with each other. Therefore, the bandgap of one material must be higher than that of
the other material or the multi quantum wall layers can be used between them.

In this research work, the MgxZn1-xO (0≤x≤0.4) material is used for n-type material
instead of the ZnO material for n-type layer. In this condition, the built-in voltage of
the p-GaN/n-Mg0.4Zn0.6O is 3.524 V and the threshold voltage of this device is 3.38 V.
This voltage levels are not different significantly and the recombination process can
be occurred in this voltage level. As the mole fraction value (x) is increased, the
energy bandgap of the MgxZn1-xO is increased. The MgxZn1−xO LED with mole
fraction values (0≤x ≤ 0.4) at room temperature have energy gaps (3.4857eV, 3.6158
eV, 3.7633 eV and 3.9282 eV) respectively and the features of the band diagram are
also changed.

Finally, the photo emission rate of the GaN, ZnO and MgxZn1-xO materials are
analyzed and presented in detail. According to the spectral line width of LED
emission, the GaN LED have 363.5nm, the ZnO LED have 366.7nm. The MgxZn1−xO
LED with mole fraction values from 0 to 0.4 values at room temperature have the
wavelength 354.5nm for x=0.1, 341.8nm x=0.2, 328.5nm x=0.3, and 314.7nm x=0.4,
respectively. The full width at half maximum (FWHM) values are 4.95 nm for GaN,
5.033 nm for ZnO, 4.7 nm for Mg0.1Zn0.9O, 4.37 nm for Mg0.2Zn0.8O, 4.04 nm for
Mg0.3Zn0.7O, and 3.7 nm for Mg0.4Zn0.6O respectively. As the mole fraction value (x)
is increased, the FWHM range of the MgxZn1-xO is narrower, and their wavelength
values are also decreased.



Volume 3, 2020 ISSN: 2664-0821
DOI: https://doi.org/10.31058/j.ap.2020.32002

Submitted to Applied Physics, page 44-46 www.itspoa.com/journal/ap

As the simulation result, the possible emission is moved from the visible (blue)
range to the invisible (ultra-violet) range of the emission spectrum of LEDs as the
increased mole fraction value. Therefore, this research work may contribute in
promoting the utilization of ultra-violet (UV) LEDs by using the p-GaN/n-
Mg0.4Zn0.6O heterojunction LED.

6. Conclusion
The possible emission colour of p-GaN /n-ZnO heterojunction structure may be

from the blue to UV emission range. But the built-in voltage of this structure has too
small built-in voltage over the turn-on voltage of this device. As a result, it is not
appropriate for the LED because the recombination process cannot be occurred at the
potential 1.85 V but it is possible to form UV photodetector. In order to get the LED
structure, the MgZnO compound can be used instead of the ZnO for n-type. Tthe
colour range could be varied from the blue to ultra-violet emission as the increased
mole fraction level (from x=0.1 to 0.4) in MgxZn1-xO compound. With n-Mg0.4Zn0.6O,
it is more closely to the ultra-violet range. Based on this work, the p-GaN/n-
Mg0.4Zn0.6O heterojunction LED could be utilized to make the UV LED.

7. Further Extensions
In this research work, the electrical, thermal and some of optical properties of p-

GaN/n- ZnO heterojunction LED and p-GaN/n-Mg0.4Zn0.6O heterojunction LED are
analyzed and estimated the operation performance for the optical electrical electronic
devive. However, some important process such as recombination could not be
evaluated in these simulation results. Therefore, the recombination process which is
very important process for light emitting diode and the multi quantum well layers
between the p-type and n-type materials should be analyzed completely. In addition,
the initial intension is to have the blue emission LED, but the emission colour of the
last p-GaN/n-Mg0.4Zn0.6O heterojunction LED has the UV range. Thus, the different
materials which must be the small bandgap over the GaN and ZnO materials can be
used in p-type or n-type layers. For example, InGaN (2.5 eV)
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