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ABSTRACT

The transient electron transport and overspeed phenomenon in the binary cubic compounds
GaN, InN and AIN and their ternary alloys AlGaN, InGaN and InAIN are examined and
compared. For all these alloys, the overspeed phenomenon occurs beyond the critical field at
which electrons can pass from the valence band to the conduction band. This field is relatively
large for these alloys, particularly when the molar fraction of aluminum is large in the InAIN
and AlGaN alloys. This field can reach 500 kV/cm for AIN and it is smaller in alloys with high
indium concentration. It is 70 k\V/cm for InN. Thus, the critical field for these alloys can vary
from kV/cm to 500 kV/cm, including 150 KV/cm for GaN. The overspeed phenomenon
becomes greater in the presence of Indium and it is less important in the presence of
Aluminum. The present work focuses on the electronic transport in the alloys AlxGal-xN,
In,Ga,,N and In,Al,,N in the transitional mode by using the Monte Carlo method of

simulation which is the most appropriate.

1. Introduction

Like all 111-V compounds, nitrides elements 11l were very
early synthesized and studied. The first monocrystals GaN
high surface were epitaxial on sapphire substrates with
halide vapour phase (HVPE). Since 1971, these thick
layers (> 100 pm) have permitted the obtainment of the
main optical properties, in addition to a good estimate of
the forbidden energy gap and the order of three valence
bands. The large gap of GaN (3.4 eV to 300 K) and the
existence of alloys with other nitrides InN and AIN put
these materials forward as transmitters or detectors of
visible light or ultra-violet (UV) [1]. The knowledge of
properties and the control of the growth of the three alloys
are imperative to develop new components, especially in
the field of far UV.

In the present research, the study of the electrical transport
in ternary alloys AlGaN, InGAN and AlInN in transient
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regime is based on the Monte Carlo simulation method.
The study of electrical transport in binary nitride-based
compounds (GaN, AIN and InN) was carried out by Foutz
et al, [2] and O’Leary et al., [3]; AlGaN alloy was also
considered by researchers [4]. The study of transport in this
regime is based on the study of the behavior of electrons,
initially at rest, receiving an electric field. We thus notice a
phenomenon called overspeed where the electrons will
have a very important speed peak, before the speed
stabilizes.

The Monte Carlo method of simulation consists in
reproducing the various microscopic phenomena residing
in semiconductor materials. This method is very important
for the study of the transport properties of representative
particles in the different layers of the material over time. It
consists of following the behavior of each electron
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subjected to an electric field in real space and in the space
of wave vectors. Over time, the electrons in the conduction
band will have a behavior that results from the action of the
applied electric field and their various interactions in the
crystal lattice. The dispersion mechanisms that are taken
into consideration in this research are those of: acoustic
phonons and optical phonons, in addition to ionized and
piezoelectric impurities, in a non-parabolic band.

To apply this method, it is necessary to introduce into the
program a certain number of parameters for each material:
the lattice parameter, the non-parabolicity coefficient, the
dielectric constant ...

For ternary alloys, the lattice parameters can be deduced
from the parameters of GaN, InN and AIN by linear
interpolation, as Végard's law states [5]. The effective
masses, the mechanical dielectric constant can often be
deduced by linear interpolation of the factors of GaN, InN
and AIN.

XaixGa1-xn = X Xan + (1 = %). Xgan (1)
XinxGai—xN = X Xian + (1 — %). Xgan 2
Xaixini-xn = X Xaiy + (1 = %). Xy (3)

In the Table 1, some parameters of ternary compounds are
given as a function of those of binary compounds by
Vegard's law

Table | :Nominal material parameter selections for wurtzite GaN,
InN, and AIN.
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The InN,GaN and AIN have gaps greater than the other
materials, for a smaller parameter mesh. Both have direct

gaps. [2]
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Fig 1. The band gap versus the lattice constant for GaN, AIN,
InN and their alloys

With band gap energies from 0.7 eV (InN) to 6 eV (AIN)
[1,3,6] and 3.3 eV for GaN [16] . Devices can be in
principle designed to emit light of any color in the visible
spectrum, and from the near infra-red to deep UV.

2. Software description:

In our work, we use a program written in Fortran 90
MSDEV language in order to simulate 20,000. This
software performs two essential functions. The first is
devoted to the calculation of probabilities from the usual
expressions, by considering an isotropic and non-parabolic
model with three valleys (I, L, X). The interactions that are
taken into account are due to acoustic phonons,
intermediate polar optical phonons and impurities. The
second function is intended to determine the instantaneous
quantities defined on a set of electrons (energy, speed,
position) by the “Self Scattering” procedure [9] for which
the free-flight times are distributed for each electron.
Among the parameters that must be determined to perform
the simulation is the energy gap.

The change in the energy band gap of the alloy depending
on the composition is not linear but quadratic.

EgIxCa1=xN — y EAIN + (1 —x).E§aN —x. (1 - x).baigan ~ (4)
EgpxGai=xN — y EIN + (1 —x).E§?N — x.(1 = X).bjpgan ~ (5)
E[XAL-XN — x EION 4 (1 —x).EfN —x. (1 —%).bjpaiy ~ (6)

The b coefficient represents the bowing. [2]

The bowing b for the three alloys is: bagcan=0.688,
bingan=1.416, bjnan=3.477: [4]

In the Table 2, the parameters are given for the binary and
ternary nitrids (the energy gaps, the effective masses and
the non-parabolicity coefficient

Table 2: energies; the effective masses, the non-parabolicity
coefficients for the three binary GaN, AIN and InN as well as the
three ternaries AlGaN, InGaN and InAIN.
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The model of Kane is used to calculate the coefficient of
non-parabolicity [16]
* 2

= (11 )
where a is the non-parabolicity coefficient, Eg represents
the corresponding energy gap, m* being the effective mass
and m, denote the mass of free electrons

By entering the previous parameters into the program, in
addition to the temperature, the simulation time and the
electric field, the results are obtained in a file, and are
strongly dependent on the parameters which characterize
the material.

The developments brought to our software have made it
simpler and more user-friendly [13]. The general procedure
for running this software consists of three essential steps
which can be summarized as follows [17]:

1- Input: reading the data file concerning the parameters of
the material used, such as: the energy gaps, the effective
masses, the deformation potentials, the non-parabolicity
coefficients, the speed of sound, the concentration of
impurities, the temperature of the network, applied electric
fields, etc. in a.txt file,

2- Running the software.

3- Output: retrieving the files containing the values of the
interaction probabilities, the speeds in the different valleys,

the energies, etc.

3. Results and Discussion
3.1 Speed as a function of time

To highlight the effects of non-stationary transport that can
occur in InGaN, AlGaN and InAIN alloys, we study the
behavior of a group of electrons subjected to sudden
variations in the electric field, i.e. as we apply different
electric field levels.

To ensure a stable behavior for electrons, we initially apply
a 10 kVv/cm field for a time equal to 1ps. Then the electrons
undergo a level of electric field. The results for the AlGaN,
InGaN and InAIN alloys are shown in Fig. 2, 5 and 8,
respectively.

3.1.2 Speed as a function of time for AlGaN alloy
The electron velocity versus the time for different levels of

electric field within GaN, Aly,Ga ogN, AlysGagsN,
AlysGay,N and AIN are given in figure 2

Drift veloeity (mis)

2.00x1

7.50x1

6.00x1

4.50x1

3.00x1

1,50x1

a*

a* 4

.J'. -

.j'. -

o

.j'.

GaN

——E=70 kV/cm
—— E=150 kV/cm
E=300 kV/cm
—— E=500 kV/cm
—— E=1000 kV/cm|

T T T
0.0 2ox10™  40x10™

saxia™

T T T
soxt0™ 100

Time (s}

Driftvelocity {mis)

9.00x10°

7.50x10”

6.00x10°

4.50310°

z.00310°

1.50x10°

Alp 2Gag gN

—— E=50 kV/cm
—— E=150 KVicm
E=300 kKVicm
— E=500 kVicm
—— E=1000 kKV/cm

T T T LI
2.0x107° 4.0x107°

&.ax10™®

gax10™® 3

T
1.0x10™"

Temps(s)

Drift velociry (mis)

&x10°

510107

s10®

3x10°

2x10”

1x10*

Alp 5Gag.sN

——E=100 kV/cm
—— E=300 kV/cm

E=500 kV/cm
—— E=1000 kWicm

T T T
0.8 20107 40107

Time (s}

T
gax107

T T
sox10™ 1 gx10™




Bachir et al/ Algerian Journal of Engineering and Technology 06 (2022) 062-070 66

s00x10°
—— E=50 kV/cm
—— E=150 kVW/cm
E=300 kV/cm
——E=500 kWV/icm
— E=1000 kV/icm

Alp 8Gag 2N

7.50x10%
6.00x10°
s.50610%

s.00x10%

Drift velocity (mis)

1506107

T T T T T T
a0 zoxta™  Lox10™ Box10™ sox10™T 1ax10™

Temps (&)

5,00x10"

——F=T00KVicm
AIN — E=300kV/cm
E=500 kV/cm

— E=1000 kV/em

— E=1200 kV/cm

7.50x10° -

.
=)
5
8
o
1

Dirift velocity (m/s)
g
1

3,00x10"

1,50x10%

T T T T T T
oo 2,000 40010™ B0 Bmeio™  10xa0™

Time (s}

Fig 2. The electron velocity versus the time for different levels of
electric field within GaN, Aly,Ga N, AlysGag sN, AlygGag oN
and AIN.

In this case the applied fields vary between small values 50
kV/cm, 150kV/cm,... up to large values 1000 kV/cm for
GaN, Aly,Ga N, AlysGagsN and 1200 kV/cm for
AlysGag,N and AIN

The speed peaks as a function of the electric field for the
AlGaN alloy, for different aluminum mole fractions, are
shown in Figure 3.
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For an electric field lower than the critical field (<140
kV/cm), the overspeed effect is not observable in the
AlGaN alloy, whatever the molar fraction of Al

From 140 kV/cm to 400 kV/cm, the speeds start to show a
sharp peak in the case of the AlGaN alloy for all Al molar
fractions. The speed peak begins to appear when the
electric field reaches the critical field for which the
electrons can pass from the valence band to the conduction
band.

In Figure 4, the maximum steady-state velocities are given
as a function of the critical field, for the AlGaN alloy for
all Al molar fractions. These results were found in the
study of stationary electric transport. N. Bachir et al 5 [18].
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Fig 4. The maximal electron drift velocity versus the critical
applied electric field within Al,Ga,,N for different mole
fractions x of Aluminum, at T = 300K

In the case of GaN, this peak for the 140 kV/cm field is 5 x
10° m/s for a time of 0.1ps. For the 300 kV/cm field, the
maximum speed is 6x10° m/s for a time of 0.1ps. The top
speed is reached during the same time in both fields.

By increasing the molar fraction of Al, the critical field, for
which the speed of the electrons reaches its maximum,
becomes larger and larger, and the phenomenon of
overspeed begins to appear for increasingly larger fields.
For AIN, this phenomenon begins for fields greater than
600 kVv/cm.

At 600 kV/cm, cubic AIN has a maximum speed of 3.2 x
10° m/s for 0.05ps of duration. The response time in this
case is very low. After this time, the speed will drop to 2 x
10° m/s for a period of 0.6ps.

The energy gained by the free carrier in the valley will give
it acceleration until reaching the maximum speed. In this
valley, the electron has low mass and high mobility. But
when the energy of the electron reaches the energy of
transfer to the other valleys, its mass increases (it will be
heavier); its mobility will decrease and it will be blocked
by other carriers already existing in that valley. Its speed
will then decrease to tend towards a stationary value.
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3.1.2 Speed as a function of time for InGaN alloy

The electron velocity versus the time for different levels of
electric field within Ing,Gag gN, Ing5Gag sN, IngsGag N and
InN are given in figure 5
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Fig 5.The electron velocity versus the time for different levels of
electric field within Ing ,Gag gN, Ing5Gag 5N, IngsGag ,N and InN.

In this case the applied fields vary between very small
values 30 kV/cm, 70kV/cm,... up to large values which in
this case do not exceed 500 kV/cm especially for InGaN
alloys having a large molar fraction of Indium because in
this case the gap is small and the alloy is not very resistant
The speed peaks as a function of the electric field for the
InGaN alloy, for different aluminum mole fractions, are
shown in Figure 6.
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Fig 6. The velocity peak versus the electric field within GaN,
Ing2,Gag gN, IngsGagsN, InggGag oN and InN.

By increasing the molar fraction of In in the InGaN alloy,
the critical field, for which the speed of the electrons
reaches its maximum, becomes smaller i.e. by increasing
the molar fraction of In, the overspeed phenomenon begins
to appear for smaller fields.

For InN, this phenomenon begins for fields greater than
70 kV / cm. From these figures, we can make four
observations:

1. Overspeed peaks appear from 70 kV / cm.

2. The overspeed peaks become larger as the electric field
increases.

3. The peaks move towards the weak times as the field
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increases.

4. The equilibrium state is reached more quickly for large
fields.

The critical fields for which the speed reaches its
maximum in a steady state, in the InGaN alloy, are given in
figure 7. This figure shows the maximum speeds as a
function of the critical field for different molar fraction of
indium. These results were found by A. hamdoune and N.
Bachir [19].
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Fig 7. The maximal electron drift velocity versus the applied
electric field within In,Ga;4N for different mole fractions x of
Aluminum, at T = 300K

On the one hand, the overspeeds in the InGaN alloy are
very high and increase with the molar fraction of In. On the
other hand, this speed is relatively lower in the AlGaN
alloy and decreases with the addition of Al. The top speed
in this case is very sharp compared to the InGaN alloy, so
that the lifetime of the electrons becomes longer in the
presence of In and augments with the increase of In, which
is very important in optoelectronics.

The overshoots within the InGaN alloy are very large and
increase with the augmentation of the molar fraction of In.
In the AlGaN alloy, they are relatively smaller and
decrease with the increase in the molar fraction of Al.

The response time is very low in the two alloys, of the
order of picoseconds (or smaller). This means that the
lifetime of electrons is very long, which is very important
in optoelectronic devices.

Within InGaN, the energy and speed of electrons are very
important for weak fields and low temperatures. Within
AlGaN, the breakdown voltage is high thanks to the wide
band gap, allowing high output impedance and high
saturation speed. AIGaN is more resistant to high
temperatures and high pressures.

The two alloys are complementary: InGaN is more
efficient at weak electric fields and at low temperatures[20-
21]; AlGaN is more efficient for high electric fields and
high temperatures [18-19].

3.1.3 Speed as a function of time for InAIN alloy

The electron velocity versus the time for different levels of
electric field within Ing,AlygN, IngsAlgsN, IngsAlyoN are
given in figure 8
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Fig. 8 : The electron velocity versus the time for different levels
of electric field within Ing,AlygN, IngsAly N, Ing gAlyoN
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The peak speeds for the InAIN alloy are given as a function
of the electric field for different mole fractions of Indium

In this case the applied fields vary between small values 40
kV/cm, 150kV/cm, up to large values which in this case do
not exceed 800 kV/cm and 1200 kV/cm for AIN.

By increasing the molar fraction of In in the InAIN alloy,
the overspeed phenomenon begins to appear for smaller
and smaller fields. For InN, this phenomenon begins for
fields greater than 70 kV / cm.

The speed peaks as a function of the electric field for the
InAIN alloy, for different indium mole fractions, are shown
in Figure 9.
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Fig 9. The velocity peak versus the electric field within AIN,
Ing2AlpgN, IngsAlgsN, InggAly,N and InN .

Figure 10 shows the maximum speeds as a function of the
critical fields for the InAIN alloy for different Indium
molar fractions, in a steady state. This study was conducted
by N. Bachir et al.[20].
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Fig 10. The maximal electron drift velocity versus the
applied electric field within In,Al; 4N for different mole
fractions x of Aluminum, at T = 300K

The overspeed phenomenon in the InAIN alloy is more
significant than in the case of the AlGaN alloy due to the

presence of In. On the other hand, this speed is relatively
lower than that of the InGaN alloy and decreases with the
addition of Al. The peak speed in this case is sharper than
the InGaN alloy. Hence, the lifetime of electrons becomes
greater in the presence of In, and increases by adding In,
which is very important in optoelectronics.

The overshoots within the InGaN alloy are very large and
increase with the molar fraction of In. In the AlGaN alloy,
they are relatively smaller and decrease with the increase of
the molar fraction of Al

The response time is very low in the two alloys, of the
order of picoseconds (or smaller). This means that the
lifetime of electrons is very long, which is very important
in optoelectronic devices.

Within InGaN and InAlIN alloys, the energy and speed of
electrons are very important for weak fields and low
temperatures. Within AlGaN, the breakdown voltage is
high thanks to the wide band gap, allowing high output
impedance and high saturation speed. AlGaN and InAIN
(with small molar fractions of Indium) are more resistant to
high temperatures and high pressures.

The two alloys are complementary: InGaN is more
efficient at weak electric fields and at low temperatures;
AlGaN is more efficient for high electric fields and high
temperatures.

By changing the molar fraction of Indium in the InAIN
alloy, we can have the two advantages of the other
ternaries. For small molar fractions of In, the ternary
compound is effective for large electric fields and high
temperatures. Whereas large In molar fractions in InAIN
work best in weak electric fields and at low temperatures.

4. Conclusion

GaN, AIN, InN and their alloys constitute a major research
area in solid state electronics for analog hyper-frequency
wave applications. These materials have several
advantages including their high voltage thanks to their
large gap allowing higher output impedance, their
saturation at high speed, and their high linearity. They are
also characterized by their resistance to electromagnetic
pulses, their chemical stability and their stability at high
temperature. Cubic alloys have great potential for
optoelectronics, especially in the case of far ultraviolet.
However, it will be necessary to clearly determine the
nature of the deviation for high aluminum concentrations.
Moreover, the quality of the epitaxy layers is still quite low
compared to those of hexagonal nitrides. The development
of optoelectronic applications from cubic nitrides will
therefore make it possible to better control the growth,
which is relatively difficult due to the nature of the
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