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Abstract. We present Monte Carlo based calculations of electron transport in
InAs, AlAs and InAlAs based devices. The calculations are performed using a
three valleys ensemble Monte Carlo model that includes numerical formulations
of the phonon scattering rates and ionized impurity scattering rates. Calculations
are made for the zincblende phase of these materials. For all materials, we find
that electron velocity overshoot only occurs when the electric field is increased
to a value above a certain critical field. This critical field is strongly depen-
dent on the material parameters. Results from the various materials are finally
compared.
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1 Introduction

InAs, AlAs and InAlAs semiconductors are becoming of increasing importance
in many emerging optoelectronic and electronic device applications. Among
these applications are ultraviolet photodetectors, blue and UV light emitters,
and high frequency, high power electronic devices [1–3]. Different InAs/AlAs
electronic and optoelectronic devices with quantum effects are currently com-
mercially available. An increasing tendency in such devices is the implementa-
tion of complicated multi-layered nano-systems, containing two or more com-
ponents interacting with each other. Such systems are, for example, the superlat-
tices (SLs) with embedded quantum wells (QWs) [4,5]. They represent a SL, in
which one or more of the QWs are wider or narrower than the others. Improved
electron transport properties are one of the main targets in the ongoing study
of binary and ternary AlAs and InAlAs materials. The Monte Carlo technique
has proved valuable for studying non-equilibrium carrier transport in an arrange-
ment of semiconductor materials and devices [6, 7]. However, carrier transport
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modeling of AlAs and InAlAs materials has only recently begun to receive sus-
tained attention, now that the growth of compounds and alloys is able to produce
valuable materials for the electronics industry [8,9]. In this communication, we
present Monte Carlo calculations of steady-state electron transport conditions in
InAs, AlAs and InAlAs. We demonstrate the effect of injection energy and elec-
tric field on the electron transport properties. This paper is organized as follows.
Details of the employed simulation model are presented in Section 2 and the re-
sults of steady-state electron transport properties carried out on InAs, AlAs and
InAlAs structures are interpreted in Section 3.

2 Model Details

Within the framework of the materials theory based modeling methodology [10]
the first step in studying the transport parameters of semiconductor materials is
the calculation of the electronic structure. The band structures of a number of
wide band gap material systems, used within the Monte Carlo simulation are cal-
culated using the empirical pseudopotential method. Though ab initio methods
have been applied to the study of the band structures of the wide gap semicon-
ductors [11], the empirical pseudopotential method is employed herein since
it offers a computationally efficient and reasonably accurate accounting of the
band structure. The band structures of several materials are computed for a suit-
able number of k-points within the irreducible wedge taking into account the
symmetry of the different crystalline structures. Values of the energy and group
velocity are stored along with their wave functions for a fine grid of k-points
lying within the irreducible wedge. The information for all the other points in
the first Brillouin zone used in the Monte Carlo simulation is recovered using
symmetry transformations. The electron–phonon and impurity scattering form
the other principal inputs into the Monte Carlo model. Because most of the
semiconductor materials can be grown in different phases, and therefore present
different symmetry properties, the scattering rate models need to be carefully
chosen. An energy dependent formulation for the scattering rate may not al-
ways be the best choice. This is particularly true for the hole transport, where
the warping of the valence bands may lead to significant anisotropy making the
energy dependent model unsuitable for describing the hole–phonon interaction.
The Monte Carlo model employed to study electron transport in the compounds
includes polar optical, acoustic phonon, ionized impurity and piezoelectric scat-
tering for energies below the secondary valleys. The acoustic phonon scattering
is formulated inelastically. Above the secondary valley, only polar optical and
deformation potential scattering are included. This choice is made to avoid us-
ing intervalley scattering explicitly since the intervalley deformation potentials
are unknown. By substituting a general deformation potential scattering mech-
anism in place of the many intervalley mechanisms, the parametrization can be
greatly reduced. Therefore, only one isotropic deformation potential scattering
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mechanism based on the realistic density of states is employed at electron en-
ergies above the secondary valley of the first conduction band. The coupling
constant for this deformation potential scattering is determined by matching the
low energy and high energy rates at a suitable energy. In the hole transport study
the situation is different. Although the same mechanisms are used, the depen-
dence of the rate on the k-vector has to be considered owing to the high degree
of anisotropy within the valence bands. For cubic materials such as InAs, AlAs
and InAlAs, the k-dependence can be introduced by computing the scattering
rates in three principal directions and interpolating the values of the rates for all
other k-points. In this case the rates for the different mechanisms are computed
on a grid of k-points in the irreducible wedge and the values for all other points
are determined by a suitable interpolation. The values of the parameters used for
different materials have been reported elsewhere [12, 13].

In our Monte Carlo simulation, the Γ valley, the four equivalent L valleys, and
the three equivalent X valleys were represented by spherical, non-parabolic, an-
alytical effective mass expressions of the following form [12–14]:

E(k)[1 + αiE(k)] =
�

2k2

2m∗ , (1)

where m∗ is the effective mass at the band edge and αi is the nonparabolicity
coefficient of the i-th valley given by Kane model [13] as

αi =
1
Eg

[
1 − 2m∗

m0

] [
1 − EgΔ

3(Eg + Δ)(Eg + 2Δ/3)

]
, (2)

where Eg is the band-gap energy and Δ is the spin-orbit splitting.

3 Results

Figure 1 shows the calculated velocity-field characteristics of zincblende InAs,
InAlAs and AlAs semiconductors at 300 K, with a background doping concen-
tration of 1017cm−3, and with the electric field applied along one of the cubic
axes. The simulations suggest that the peak drift velocity for zincblende InAs is
2.25×105 ms−1, while those for InAlAs and AlAs are about ∼ 2.3×105 ms−1,
1×105 ms−1 and 0.25×105 ms−1, respectively. At higher electric fields, inter-
valley optical phonon emission dominates, causing the drift velocity to saturate
at around 0.75 × 105 ms−1 for InAS and InAlAs materials.

The calculated drift velocities apparent from Figure 1 are fractionally lower than
those that have been calculated by Adachi et al. [4–6], who assumed an effective
mass in the upper valleys equal to the free electron mass. The threshold field
for the onset of significant scattering into satellite conduction band valleys is a
function of the intervalley separation and the density of electronic states in the
satellite valleys.
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Figure 1. Calculated steady-state electron drift velocity in bulk zincblende InAs, InAlAs
and AlAs using nonparabolic band models at room temperature.

Figure 2. Fractional occupation of the central Γ and satellite valleys of zincblende InAs,
InAlAs and AlAs as a function of applied electric field and temperature using the non-
parabolic band model.
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Figure 3. Calculated electron steady-state drift velocity in bulk InAs, InAlAs and AlAs as
a function of applied electric field at various lattice temperatures and assuming a donor
concentration of 1017 cm−3. The peak drift velocity decreases with increasing lattice
temperature from 300 to 600 K in all structures.

The valley occupancies for the Γ, X and L valleys are illustrated in Figure 2
and show that the inclusion of the satellite valleys in the simulation is important.
Significant intervalley scattering into the satellite valleys occurs for fields above
the threshold field for each material. This is important because electrons which
are near a valley minimum have small kinetic energies and are therefore strongly
scattered. It is apparent that intervalley transfer is substantially larger in InAs
over the range of applied electric fields shown, due to the combined effect of
a lower Γ effective mass, lower satellite valley separation energy, and slightly
lower phonon scattering rate within the Γ valley.

Figure 3 shows the calculated electron drift velocity as a function of electric field
strength for temperatures of 300, 450 and 600 K. The decrease in drift mobility
with temperature at low fields is due to increased intravalley polar optical phonon
scattering whereas the decrease in velocity at higher fields is due to increased
intra and intervalley scattering. It can be seen from the figure that the peak
velocity also decreases and moves to higher electric field as the temperature
is increased. This is due to the general increase of the total scattering rate with
temperature, which suppresses the electron energy and reduces the population of
the satellite valleys. This latter effect is apparent from the fact that the electron
population in the Γ-valley increases with temperature.
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Figure 4. Electric field dependence of the drift velocity in InAs, InAlAs and AlAs at 300
K for various donor concentrations.

Figure 5. Average electron kinetic energy as function of applied electric field in bulk
InAs, InAlAs and AlAs at various temperatures using the nonparabolic band model.

Figure 4 shows how the velocity-field characteristic of InAs, InAlAs and AlAs
changes with impurity concentration at 300 K. It is clear that with increasing
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donor concentration, there are small changes in the average peak drift velocity
and the threshold field. The results show the trend expected from increased
ionized impurity scattering is in good general agreement with recent calculations
by other workers [14].

The average electron kinetic energy as a function of electric field is shown in
Figure 5. The curves have the S-shape typical of III-V compounds, which is a
consequence of intervalley transfer. At high fields the average electron energy
is decreased due to a higher electron scattering rate. This difference can be
understood by considering the Γ-valley occupancy as function of field.

4 Conclusions

The electron transport up to 600 K in bulk InAs, InAlAs and AlAs has been
simulated using an ensemble Monte Carlo simulation. Using valley models to
describe the electronic bandstructure, calculated velocity-field characteristics are
in fair agreement with other calculations. Saturation drift velocities ∼0.75×105

ms−1 for InAs and InAlAs match recent measurements on low-doped bulk sam-
ples. The velocity-field characteristics of the materials show similar trends, re-
flecting the fact that all the semiconductors have satellite valley effective densi-
ties of states several times greater than the central Γ valley. However, the peak
velocity in InAlAs occurs at a field ∼ 800 kVm−1, 1.3 times larger than for
InAs. This is a consequence of the large Γ valley effective mass in InAs struc-
ture. This reduced valley effective mass in InAs permits substantial population
of the upper valleys and velocity saturation at far lower electron temperatures
than in InP.
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