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Abstract. Using ensemble Monte Carlo simulation technique, we have calculated the transport
properties of InN such as the drift velocity, the drift mobility, the average electron, energy relaxation
times and momentum relaxation times at high electric field. The scattering mechanisms included
are polar optical phonon, ionized impurity, acoustic phonon and intervalley phonon. It is found
that the maximum peak velocity only occurs when the electric field is increased to a value above a
certain critical field. This critical field is strongly dependent on InN parameters. The steady-state
transport parameters are in fair agreement with other recent calculations.
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1. Introduction
Group III-nitrides are usually considered as wide-band-gap materials that have applications in ultraviolet/blue/green light-emitting diodes and lasers [1]. However, recent
experimental and theoretical investigations have provided convincing evidence that the
band gap of wurtzite InN is (about 0.7 eV) [2–6] much smaller than the (1.89–1.5) eV
band gap [6,7] widely accepted in the past to interpret experimental data [1] and to fit
empirical pseudopotentials for modelling InN and related alloy properties [8]. If InN
indeed has a band gap less than 1.0 eV, which is even smaller than that for InP (1.4 eV),
then InN and its III-nitride alloys can also be suitable for low band-gap devices such as
future generation solar cell because the nitride alloys can cover the whole solar spectrum
range.
An understanding of the electron transport in InN is necessary to improve InN
semiconductor-based devices. Transport properties of InN at both steady state and transient state have been discussed extensively over the years [9–15]. Uncertainty in material
band parameters remain a key source of ambiguity in the analysis of electron transport
properties. Monte Carlo transport properties [12–15] are based on 0.7 eV band gap and
band structure parameters published in [16].
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Table 1. The material parameters of bulk wurtzite InN used for
simulations [11].
Mass density (g/cm3 )
Longitudinal sound velocity (cm/s)
Acoustic deformation potential (eV)
Static dielectric constant
High-frequency dielectric constant
Optical phonon energy (eV)
Intervalley deformation potentials (eV/cm)
Intervalley phonon energies (eV)
Piezoelectric constant (C/cm2 )

6.81
6.24 × 105
7.10
15.30
8.40
0.089
109
0.089
3.75 × 10−5

We apply the ensemble Monte Carlo method to investigate the electron transport in
bulk wurtzite InN based on the refined band structure used in [12–15].
Monte Carlo simulation method is a technique of simulation motion of many carriers in
k-space. It allows one to know exactly the average electron velocity, the average electron
mobility, the average electron energy and many other parameters. It is a more accurate
and exact method, but it requires running a computer program whenever a new condition
arises.
In this work, we used the ensemble Monte Carlo technique [17–20] to evaluate the
transport properties of InN at high electric fields. Tables 1 and 2 show the selected parameters of InN. In our calculation, the band structure of wurtzite InN is approximated
by the three lowest conduction band minima 1 , 3 and M-L valleys. Parameters such
as effective masses m*, nonparabolicity factors α for the valleys, and valley separation
energies have been extracted from a conduction band structure recently calculated by the
empirical pseudopotential method [16]. The satellite valleys 3 and M-L are assumed to
be parabolic (i.e., α = 0.0), while the main 1 valley is isotropic nonparabolic.
In this work, the scattering rates of our scattering mechanisms are presented and analysed in §3. After that, the number of transport parameters associated with the bulk
wurtzite InN is discussed.

Table 2. The valley parameters corresponding to the bulk wurtzite InN. The values
of the model parameters have been obtained by fitting the theoretical conduction band
dispersion data from ref. [16].
Valley number
Valley location
Valley degeneracy
Effective mass
Intervalley energy separation (eV)
Energy gap (eV)
Nonparabolicity (eV−1 )
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1
1
1
0.04
–
0.7
1.43
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2
3
1
0.25
1.775
2.475
0.0

3
L-M
6
1.00
2.709
3.409
0.0

Electron transport in wurtzite InN
2. Parameter selections for bulk wurtzite InN
The material parameters used for our simulations are tabulated in table 1. These
parameters are selected from [16] and originally from Foutz et al [11].
3. Scattering mechanisms
This section lists the most important types of different phonons scattering rates and ionized impurity scattering used in the Monte Carlo method, assuming nonparabolic bands
at the lattice temperature T .
For more details of these scattering rates, the reader is referred to [17–22].
3.1 Scattering rates of acoustic phonons
The interaction of the acoustic phonon is due to the deformation potential and is given by
ac (E) =

(2m ∗ )3/2 kB T 2 1/2
a γ (E)(1 + 2α E)Fa (E),
2πρsv2 h̄ 4

(1)

where
(1 + α E)2 + 1/3(α E)2
(1 + 2α E)2
a , ρ and sv respectively represent the acoustic deformation potential, the specific mass
density of the crystal and the sound velocity and α is the nonparabolicity factor.
γ (E) = E(1 + α E)

and

Fa (E) =

3.2 Scattering rates of polar optical phonons
The scattering rate due to the polar optical phonon is evaluated as


e2 m ∗1/2 h̄ωpo 1
1 1 + 2α E 
F0 (E, E  )
−
po (E) = √
εs γ 1/2 (E)
4 2π ε0 h̄ 2 ε∞


× Npo + 1/2 ± 1/2 ,

(2)

where Npo is the optical phonon occupation number, which is given by Bose–Einstein
statistics. The ± sign refers to phonon emission or absorption respectively. h̄ωpo , εs , ε∞
and ε0 represent the energy of polar optical phonon, the relative static dielectric constant,
the high frequency dielectric constant and the permittivity of free space, respectively.
In the above equation, we use the following notation:
γ (E  ) = E  (1 + α E  )
 1/2



 γ (E) + γ 1/2 (E  ) 

−1


+B
A ln  1/2
F0 (E, E ) = C
γ (E) − γ 1/2 (E  ) 

(3)

A = [2(1 + α E)(1 + α E  ) + α(γ (E) + γ (E  ))]2
B = −2αγ 1/2 (E)γ 1/2 (E  )
× [4(1 + α E)(1 + α E  ) + α(γ (E) + γ (E  )))]
C = 4(1 + α E)(1 + α E  )(1 + 2α E)(1 + 2α E  ).
Pramana – J. Phys., Vol. 79, No. 1, July 2012

127

F M Abou El-Ela and B M El-Assy
3.3 Scattering rates of equivalent intervally phonons
We shall consider equivalent intervalley phonon scattering in the 3 and M-L bands only.
The intervalley scattering rate for all possible transitions between equivalent valleys is
given by
m ∗ De2
γ 1/2 (E  )(1 + 2α E  ) × (Ne + 1/2 ± 1/2) ,
e (E) = (Z e − 1) √
2π h̄ 3 ρωe
(4)
3/2

where ωe is the equivalent intervalley phonon frequency, De is the deformation potential
for the equivalent intervalley scattering, Z e is the number of equivalent valleys and Ne is
the equivalent intervalley phonon occupation number, which is given by Bose–Einstein
statistics.
3.4 Scattering rates of nonequivalent intervalley phonons
In high electric fields, the electron energy of InN may become sufficiently high, and so
electrons scatter into the 3 and M-L valleys. The intervalley scattering rate between nonequivalent valleys is given by
m ∗j Di2j
γ 1/2 (E  )(1 + 2α E  ) × (Ni j + 1/2 ± 1/2),
i j (E) = Z j √
2π h̄ 3 ρωi j
3/2

(5)

where ωi j is the intervalley phonon frequency, Di j is the deformation potential for nonequivalent intervalley scattering, Z j is the number of valleys of type j and Ni j is the
intervalley phonon occupation number, which is also given by Bose–Einstein statistics.
The electron energy is measured from the minimum of the valley which are situated at
energies i and j for valleys i and j, respectively, while h̄ωi j is the energy of the
phonon involved.
E  = Ei −


E = Ei −

j

+

i

+ h̄ωi j ,

phonon absorption,

j

+

i

+ h̄ωi j ,

phonon emission.

3.5 Scattering rates of ionizied impurity
The most popular studies for handling the scattering by ionized impurities in Monte Carlo
calculation are done by Brooks and Herring (BH) [21] and Conwell and Weisskopf (CW)
[22]. The CW model was chosen in our study because it covers a greater range of ionized concentration and compensation ratios than BH model. We consider InN to be
uncompensated and all donors to be ionized.
The CW scattering rate for ionized impurity scattering was given in CW approach
[18,19,22] as
 1/2 2
2
E (1 + 2α E)
,
(6)
CW (E) = π NI Z 2 b2
m∗
γ 3/2 (E)
where NI and Z are the impurity concentration and charge of the impurity.
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In CW approach, an unscreened bare Coulomb potential is assumed, which cuts off at
mean distance between impurities, b, given by


3
b=
4π NI

1/3
.

4. Results and discussion
4.1 Effect of scattering mechanisms on the electron energy in InN
We shall discuss in this section the effect of scattering mechanisms on the electron
energy. The scattering mechanisms included in our work are polar optical phonon scattering (POP), ionized impurity scattering (CW), intervalley phonon scattering (IVP) and
acoustic deformation potential scattering (AC).
Figures 1 and 2 illustrate the computed scattering rates for phonons in the 1 valley
in InN. The principle source of scattering is due to optical phonons either through polar
interaction or through intervalley deformation potential mechanism. The other scattering mechanisms in figure 2, which are the ionized impurity scattering and the acoustic
deformation potential scattering, do not remove energy from the electron ensemble: they
are elastic scattering mechanisms. It is seen that the acoustic scattering rate and ionized
impurity scattering rate are very small compared to polar optical phonon scattering rate.
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Scattering rate (1x1013sec-1)
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Figure 1. Scattering rate as a function of electron energy due to POP and intervalley
scattering mechanism.
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Figure 2. Scattering rate as a function of electron energy due to the ionized impurity
scattering and acoustic deformation potential scattering at 1 -valley in InN.

In figure 1, the POP scattering and intervalley phonon scattering (IVP) include both
emission and absorption scattering rates. The POP scattering starts at low energies that
electrons acquire from the electric field. After that, the POP scattering is strongly modified by taking into account the strong nonparabolicity in a way that the scattering rate
becomes an increasing function with electron energy. When electron energy increases,
electrons will acquire enough energy in order to transfer into the upper valleys and intervalley scattering will appear and this becomes the dominant scattering mechanism. The
effective mass of electrons will increase gradually when the electric field increases and
then the saturation value and an energy balance is re-established.

4.2 Steady-state electron transport parameters within the bulk wurtzite InN
The velocity–field characteristics associated with InN is presented in figure 3. The crystal
temperature is set to 300 K and the doping concentration to 1016 cm−3 . The higher peak
velocity of 61 × 106 cm/s occurs at 40 × 103 V/cm. After that, the electron drift velocity
decreases until it reaches its saturation value at high applied electric fields.
Now we shall discuss the results at low applied electric fields corresponding to a field
less than 40 × 103 V/cm, which is an ohmic region that is followed by a negative differential resistance (NDR). At the beginning all the electrons occupy the central 1 valley
which is a nonparabolic band with 1.43 (see table 2). After increasing the electric field, the
average electron velocity remains relatively low due to the POP scattering, with most of
the energy gained from the applied electric field being transferred into the lattice through
this type of scattering. Due to the nonparabolicity of the central valley, the POP scattering
130
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Figure 3. The velocity–field characteristics of InN.

increases with the increase in electric field until the average velocity reaches a value at
which the electrons overcome the POP scattering and reaches its peak value. The peak
velocity occurs at an electric field where most electrons still reside in the central valley
and after that they begin to jump to the upper valleys. The intervalley scattering continues
and electrons become slower due to the increase of the effective mass of electron in the
upper valley. Finally, at high applied electric fields, the average drift velocity reaches its
saturation value.
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Figure 4. The average drift mobility as a function of electric field.
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In figure 4, the average electron drift mobility has its maximum value at very low values
of the electric field due to the smallest effective mass for the electrons in the central valley.
The negative differential mobility (NDM) is observed by increasing the electric fields due
to intervalley transfer mechanism. A linear low-field electron drift velocity dependence
on the applied electric field vd = μE, applies in this regime. At high electric field, the
average electron drift mobility reaches low values due to the increase of effective mass of
the electron in higher valleys.
If we examine the electron energy as a function of the applied electric field (figure 5),
we see that there is a sudden increase at around 40 × 103 V/cm. When the applied electric
field is less than 40 × 103 V/cm, the energy that the electrons gain from the applied
electric field is lost through polar optical phonon scattering. The scattering rate increases
with the increase of the electric field until the electrons get enough energy to transfer to
the higher valleys and at this point a sudden increase is observed. When electron energy
is around 1.775 eV, electrons can transfer to 3 valley whereas if it is around 2.709 eV,
they can transfer to M-L valley. At higher values of electric field, electron energy reaches
its saturation value.
We can see in figure 6 the effective mass of the electron in the central valley as a function of the applied electric field. Electrons which occupy the 1 valley have an effective
mass around 0.04. By increasing the electric field, the electrons jump into the higher
valleys and their effective mass increases until it reaches its saturation value.
Figure 7 gives us the fractional number of the three lower valleys as a function of the
applied electric field. First, we can see that all electrons occupy the 1 valley until they
begin to transfer to the 3 valley around 40 × 103 V/cm. By increasing the electric field,
electrons begin to transfer to the M-L valley until each valley is occupied by maximum
electrons and the saturation is established.
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Figure 5. The average electron energy as a function of electric field.
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Figure 6. The effective mass of the electrons in 0-valley as a function of the electric
field.

The momentum and the energy balance equations for an electron at high electric field
(F) are given by eqs (7) and (8) [11] respectively.
m∗ V
d(m ∗ V )
= −eF −
,
dt
τm

(7)

0
1
2

1.0
0.9

Fractional number

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0

50

100

150

200

250

300

Electrice Field (1x103V/cm)

Figure 7. The fractional number of the three lower valleys as a function of the applied
electric field.
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(E − E 0 )
dE
= −eVF −
,
(8)
dt
τe
where τ m is the effective momentum relaxation time, τ e is the effective energy relaxation
time, E 0 = (3/2)K B T , T is the lattice temperature, K B is the Boltzmann constant. The
energy-dependent effective mass m* is an average of the effective mass over the ensemble,
the effective mass being dependent on the valley the electron occupies. m*, τm and τ e are
determined by the steady-state Monte Carlo calculation using the equations
m ∗ = m ∗0 (1 + 2α E) ,
τm =

m∗ V
qF

and
τe =

E − E0
,
q VF

where E is the steady-state average electron energy and V is the steady-state electron
average drift velocity as a function of electric field.
In most of the semiconductors, the energy relaxation time (τ e ) is slower than the
momentum relaxation time (τ m ) so that the electrons exhibit the phenomenon of velocity
overshoot. In the absence of intervalley transfer, the electrons would relax its velocity over
a long time. The intervention of intervalley scattering relaxes the velocity much quicker,
due to the large effective mass and scattering rates in the upper valley in comparison to
the lower valley.
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Figure 8. The momentum relaxation time as a function of the applied electric field.
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Figure 9. The energy relaxation time as a function of the applied electric field.

Figures 8 and 9 show the momentum relaxation time and the energy relaxation time vs.
electric fields in InN. The momentum relaxation time decreases as electric field increases
at applied electric fields corresponding to a field higher than 40 × 103 V/cm, which is a
negative differential resistance (NDR) region due to intervalley scattering to higher 3 and
M-L valleys. On the contrary, the energy relaxation time increases for the same reasons
which were already mentioned.

5. Conclusions
In this work we have investigated the steady-state properties in bulk wurtzite InN using the
ensemble Monte Carlo technique. The main emphasis is given to the origin of the negative
differential mobility for the steady-state transport. We found that the nonparabolicity of
the central 1 valley strongly influences the transport properties in InN. The dominant
POP scattering rate, however, becomes an increasing function of electron energy and,
as a result, the peak drift velocity occurs at considerably lower electric fields compared
to the onset of intervalley transfer. At higher electric fields, the satellite valleys with
heavier effective mass also contribute to the NDM effect. We also reviewed analyses
on the scattering rates of a number of scattering mechanisms on the electron energy and
observed the high values of POP scattering rate. For that, the electron velocity in the
central valley saturates or even decreases at energies well below the threshold energy of
the electron transfer to the satellite valleys with heavier effective mass.
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