Lithuanian Journal of Physics, Vol. 58, No. 2, pp. 170–176 (2018)
© Lietuvos mokslų akademija, 2018

AN ACCURATE ANALYTICAL MODEL FOR NONEQUILIBRIUM
DRIFT-VELOCITY AND CHORD-MOBILITY OF In0.53Ga0.47As
E. Moreno a and L. Varani b
Astro-Photonics Lab, Department of Electrical Engineering at the Beauchef Campus, University of Chile,
Av. Tupper 2007, 8370471 Santiago de Chile, Chile
b
Institute of Electronics and Systems, University of Montpellier, Bâtiment 5, 860 rue de St Priest, 34090 Montpellier, France
Email: enrique@moreno.ws; luca.varani@umontpellier.fr
a

Received 27 October 2017; revised 17 November 2017; accepted 21 June 2018
Mobility models are an essential tool for an accurate description of the charge carrier dynamics in semiconductor
materials and devices. By means of a simulator based on the Monte Carlo method which has been properly validated,
a set of velocity and chord-mobility data was generated for electrons and holes in In0.53Ga0.47As bulk material as
a function of electric field and for different concentrations of donors and acceptors. This set has been used to build an
accurate velocity and chord-mobility analytical model, the mathematical simplicity of which represents a significant
advantage because it provides necessary values by a rapid calculation process without forgoing accuracy. The model
can be easily implemented in compact numerical simulations of electronic devices and associated circuits where
a fast recovery of the velocity and mobility values corresponding to the local electric field and doping concentration
is needed.
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1. Introduction
Nowadays simulators play a crucial role in the design and optimization of the performances of complex devices. The degree of precision of simulated
results and the required time as well as computational resources have to be traded off in many practical cases where the complexity imposes to look
for an agreement between precision and computational cost. In this search, sometimes it is useful to
transform the results given by a microscopic simulator into an analytical model which facilitates their
employment in the following applications. Indeed,
some robust commercial packages of software support different mobility models [1, 2].
A macroscopic mobility model is an average
over the charge carrier velocity. In particular, in

a semiconductor, electrons and holes are accelerated by electric fields, but also change the momentum as a result of several scattering processes. These
scattering mechanisms typically involve lattice vibrations, impurity ions, other carriers and material imperfections. The task which brings together
all those microscopic events into a macroscopic
mobility model demands a kinetic approach with
a rather heavy computational burden. In this way
a validated [3] Monte Carlo simulator (MC) was
used to calculate a set of data of the charge carrier velocity and chord-mobility for In0.53Ga0.47As.
In general, mobilities are functions of the electric
field, lattice temperature and doping concentration,
but since most devices operate at room temperature the data considered here are exclusively functions of the electric field and doping concentration.
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This set of data has been used to build an accurate analytical mobility model for In0.53Ga0.47As at
room temperature.
Some other analytical models [4, 5], like this
one, have already shown their benefit in the modelling of carrier transport in established technologies as metal insulator semiconductor field effect
transistors as well as in incipient technologies
as photoconductive antennas [6–9]. Therefore
the analytical model presented in this manuscript
could also be used in future transport modelling of
charge carriers involving In0.53Ga0.47As. Certainly,
a relatively high speed of carriers makes this material suitable for many applications [10–13] and an
analytical mobility model might ease their study
by taking advantage of compact simulations.
The current work approaches the modelling of
the In0.53Ga0.47As mobility by means of an analytical model presented in four sections. In Section 2
the simulator and its features are introduced. In
Section 3 we present and explain the analytical
model and its main characteristics. This analytical
model is divided in two parts: in Subsection 3.1
we present the model for electrons while Subsection 3.2 is dedicated to the model for holes.
Both models are validated with simulated results
in Section 4. Finally, in Section 5 we summarize
the improvements and potential applications behind the proposed analytical mobility model.
2. The simulator
We have simulated the transport properties of
In0.53Ga0.47As at room temperature by adopting the standard MC simulation [14, 15] where
the electronic properties of the bulk material are
tied up to the scattering mechanisms and the band
structure. Some interpolation was needed in gathering the values of the corresponding binary materials [16–20]. The conduction band has been considered with three non-parabolic spherical valleys
(one Γ, four equivalent L and three equivalent X).
The valence band includes the non-parabolic spherical heavy-hole and light-hole bands. The scattering mechanisms that are taken into consideration
in the physical model are the following ones:
• Collisions with ionized impurities (BrooksHerring model) [21].
• Transitions due to absorption and emission of
polar and non-polar optical phonons.

• Collisions with acoustic elastic phonon intervalley/interband and alloy scatterings [15].
• The impact ionization has been treated in
the framework of the Keldysh approach [15, 16,
22–25].
The input parameters of the MC simulations
have been adjusted to fit the experimental data
of Pearsall [26]. Our MC results are also in good
agreement with the simulations of Bude and
Hess [3, 27]. More details about the MC model
can be found in [3] and references therein.
3. The analytical model
Due to the different behaviour exhibited by
the two kinds of carriers, electrons and holes,
two models have been developed. They provide
the velocity and the chord-mobility as a function
of the electric field using a set of parameters that
depend on the concentrations of donors ND or acceptors NA. These quantities can be introduced
in macroscopic simulators to obtain the values
of the local velocity or mobility as functions of
the local electric field.
3.1. Model for electrons
The mobility model for electrons in In0.53Ga0.47As
has been formulated by fitting the average (drift)
velocity of electrons. Equation (1) accounts for
the drift velocity versus electric field. Hence Eq. (1)
leads to the mobility model specified in Eq. (2).
The parameters entering both equations are determined by the doping concentration ND and their
expressions can be found in Appendix A.
1) Velocity model for electrons. Since the shape
of the velocity-field curve exhibits two different
slopes, we have employed the piecewise function:

.

(1)

The inflection point where the sign of the curvature changes has different threshold field Ec,e
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depending on the value of the doping level. Another point that we would like to stress is the value
of the parameter be: when the semiconductor is
not degenerate or, in other words, ND < 1018 cm–3,
the value of be is equal to one. Then the model contains five parameters.
2) Chord-mobility model for electrons. By dividing the drift velocity by the modulus of electric field
we obtain the chord-mobility according to Eq. (2):
.

(2)

The mobility model portrayed by Eq. (2) when
the electric field reaches the zero value, the so-called
ohmic mobility, is equal to
. This mobility is constant up to electric fields of about 100 V/cm,
and in some cases at higher doping levels even until
1000 V/cm.
3.2. Model for holes
In the same manner as with the electrons, the model for holes starts with the analysis of the drift velocity leading to the mobility model for holes. Equation (3) formalizes the velocity versus the electric
field for holes. Consequently Eq. (3) conducts to
the mobility model detailed in Eq. (4). The parameters appearing in both equations are determined
by the doping concentration of acceptors NA and
their expressions are given in Appendix B.
1) Velocity model for holes. We also define
the hole velocity in In0.53Ga0.47As as the piecewise
function:
,
.

(3)

The hole velocity in In0.53Ga0.47As exhibits a positive slope in the whole electric field domain but its
growth rate undergoes a change located at a particular value of the electric field which we call Ec,h.
This parameter Ec,h is dependent on the concen
tration of acceptors NA.
2) Chord-mobility model for holes. Similarly to
the case for electrons, we may set down that the hole
mobility is equal to μp = Ah when the electric field

tends to the zero value. This ohmic mobility is
practically constant till approximately 100 V/cm,
and in some cases at higher doping levels even until 1000 V/cm:
.

(4)

4. Comparison of analytical and simulated
results
The MC simulated data have been compared
with the experimental and theoretical data so
as to confirm their accuracy and reliability [3,
28–39]. The results obtained for the average carrier velocities are reported in Figs. 1(a) and 2(a)
for electrons and holes, respectively. Figures 1(b)
and 2(b) illustrate two particular comparisons
between the simulated and the analytical velocities as well as mobilities: the first one for electrons when ND = 1016 cm–3 and the second one
for holes in the case when NA = 1016 cm–3. Finally,
Figs. 1(c) and 2(c) show the chord-mobility as
functions of the electric field and doping concentration for electrons and holes, respectively.
As expected, for low electric fields in both cases
the drift velocity increases linearly. As the electric
field increases, nonparabolocity effects as well as
transfers to higher valleys in the case of electrons
lead to a non-linear behaviour of the drift velocity. In the nonequilibrium (hot carriers) regime
phonons are not able to thermalize carriers to
the lattice temperature; however, they limit their
velocity. When the electrons are transferred from
lower to higher valleys, their average effective
mass increases and their drift velocity starts to
decrease.
Some interesting analytical mobility models
have been proposed already [40–42]; however, they
are less accurate or more complex than the one
presented here. The attempt to model the velocity
of electrons with an analytic expression associated
with Eqs. (3) and (4) in [3] does not provide a sufficiently accurate fit. Indeed, the two branches
of the piecewise function defined in [3] are not
continuous at the common point represented by
the threshold field Ep. Additionally, this analytical model did not take into account the curvature
changes versus the doping concentrations and was
mainly focused in the single case ND = 1016 cm–3.
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Fig. 1. (a) Analytical velocity model for electrons as
a function of the electric field and donor concen
tration at room temperature. Some simulated profiles
have been portrayed jointly. (b) Analytical model of
the velocity and chord-mobility of electrons compared with the simulated data for the particular
donor concentration ND = 1016 cm–3. (c) Analytical
chord-mobility model for electrons as a function of
the electric field and donor concentration together
with some simulated data.

Moreover, the model presented in [3] was developed only for the case of electrons. Therefore,
a new model able to achieve an accurate agreement with simulated data at room temperature for
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Fig. 2. Analytical velocity model for holes as a function of the electric field and acceptor concentration
at room temperature. Some simulated profiles have
been portrayed jointly. (b) Analytical model of velocity and chord-mobility for holes compared with
the simulated data for the particular acceptor concentration NA = 1016 cm–3. (c) Analytical chord-mobility model for holes as a function of the electric
field and acceptor concentration together with some
simulated data.

all values of electric field and doping concentrations was necessary not only for electrons but for
holes as well. Figures 1 and 2 demonstrate a very
good agreement between the simulated data and
the proposed analytical models for electrons and
holes. Both models are equally compliant with
the simulated data and they have got roughly
the same computational burdens. Finally, we
would like to emphasize that these computational burdens are negligible in a simulation where
the mobilities need to be calculated as a function
of the local electric field at every time step.
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5. Conclusions

Appendix B

An analytical mobility model of the ternary compound In0.53Ga0.47As has been presented. The model
concerns both kinds of carriers, i.e. electrons and
holes. Monte Carlo simulation of the bulk materials
under stationary and homogeneous conditions has
been used as a reference in the building and validation of the model. On the one hand, the analytical
model provides an accurate fit of the simulated data
in a wide range of values of the electric field and
doping concentrations. On the other hand, its simplicity and low computational cost make it suitable
for intensive compact simulations where a macroscopic model for the charge carrier dynamics becomes mandatory.
Last, but not least, other ternary compounds
as well as binary compounds could be modelled
with some minor modifications using an analytical
model similar to that introduced in this article.

Parameter functions for holes
Parameter functions needed in the analytical models for holes given by Eqs. (3) and (4):
Ah(NA) = 0.3295(log10(NA))2 – 0.006833(log10(NA))3
+ 28.155 – 5.279667 log10(NA),
bh(NA) = 134.75 – 25.51667 log10(NA)
+ 1.6(log10(NA))2 – 0.033333(log10(NA))3,
Ch(NA) = 96.14446 – 0.023396(log10(NA))3
+ 1.12725(log10(NA))2 – 18.04413 log10(NA),
dh(NA) = 3.5 – 0.5 log10(NA),

Appendix A

Ec,h(NA) = log10(NA) – 5,

Parameter functions for electrons

fh(NA) = 287.18 – 54.538333 log10(NA)

Parameter functions needed in the analytical models for electrons given by Eqs. (1) and (2):

+ 3.43(log10(NA))2 – 0.071667(log10(NA))3.
Acknowledgements

Ae(ND) = 0.115(log10(ND))3 – 5.7(log10(ND))2
– 503.35 + 93.415 log10(ND),
,
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