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ABSTRACT

The effect of nonparabolicity of the conduction band on the zero-field mobility of free electrons in bulk
semiconductor is calculated at low lattice temperatures using relaxation time approximation and taking into account
some elastic scattering mechanisms. The mobility expressions are considered for the interaction of electrons with
the ionized impurity atoms, the deformation potential acoustic phonons and the piezoelectric acoustic phonons both
for parabolic and nonparabolic conduction band. The numerical computations are carried out in InSb, a -V
compound having high value of nonparabolicity factor and in GaAs, a I11-V compound semiconductor with low
value of nonparabolicity factor. Numerical calculation is done for ionized impurity concentrations of 1 x 1013 cm™3
and 1 x 10> cm™2 in both the samples and it is observed that the nonparabolicity of the conduction band

affects the electron mobility noticeably.
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I. INTRODUCTION

The results of theoretical studies on the mobility of free
electrons in semiconducting materials are important for
their application in solid state electronic devices.
Different theoretical models were developed to study the
mobility characteristics and the success of these models
needs the proper knowledge of the scattering
mechanisms of the free electrons and the energy band
structure of the material. The free electrons are scattered
dominantly by optical and intervalley phonons at lattice
temperatures above 100K and by impurities at very
lower temperatures. Between these two extreme
situations the free carriers in compound semiconductors
interact rather strongly with deformation potential
acoustic phonons and also with piezoelectric acoustic
phonons if the bonds in the materials are partly ionic so
that the unit cell does not contain a centre of symmetry
[1-6]. The impurity scattering can be suppressed by
dielectric engineering but the scattering by acoustic
phonons is intrinsic to the semiconductor and cannot be
eliminated.

The advanced Si technology has prompted most of the
studies in semiconductor physics. With these studies a
considerable number of works have also been initiated
on -V and II-VI compound semiconductors. An
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important I11-V-compound semiconductor like Gallium
Arsenide has attracted considerable interest for
application in semiconductor heterostructures and
nanostructures because of its high electron mobility. It
finds use in many devices like tunnel diodes, Gunn
effect devices, lasers, etc. Thus a good number of
theoretical studies on the conductivity characteristics
have been reported starting from a rather low
temperature to high temperatures both in different bulk
I11-V semiconductors as well as in two-dimensional
electron gas formed in the surface layers of those
materials [3, 7-12]. In these analyses, a detailed physical
formulation of various scattering mechanisms like
ionized impurity scattering, acoustic phonon scattering,
piezoelectric scattering, polar and non-polar optical
phonon scatterings, carrier—carrier scattering, and alloy
scattering has been made to accurately determine the
variation of mobility with free carrier concentration ng
and lattice temperature Ty,. Of these various scattering
mechanisms, some of them are elastic in nature and
others are inelastic. The elastic scattering mechanisms
include ionized impurity scattering, neutral impurity
scattering. The inelastic types contain acoustic phonon
deformation mode and piezoelectric acoustic phonon
mode, polar and non-polar optical phonon scattering.
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Most of the studies on the transport characteristics of the
free electrons in semiconductors are based on the
assumption of a model semiconductor having parabolic
dispersion law. This is the simplest band model for a
semiconductor and it can be adopted only for rough
estimate of the electrical transport properties under the
condition that the free carriers may be assumed to be
confined to a short segment of the energy dispersion
curve near the minimum of the conduction band [13].
But no semiconductor is really known to possess a
parabolic band structure. For a direct band gap
semiconductor the minimum of the conduction band is
situated in the centre of the Brillouin zone. Near the
minimum, the energy is isotropic and the band may be
assumed to be parabolic [13]. For values of wave vector
far from the conduction band minima, the energy
deviates from the simple quadratic expressions and
nonparabolicity occurs. The present author have
reported few studies on electron transport in elemental
as well as compound semiconductors giving due account
to the effect of nonparabolicity of the conduction band
under different prevalent conditions of scattering
mechanisms [5,6,9,10]. In those studies it has been
observed that the nonparabolicity factor influences the
transport parameters in a very complex manner. Thus it
would be interesting to determine the lattice temperature
dependent mobility expressions of the electrons in bulk
semiconductor introducing the nonparabolicity factor in
the calculation. In this article the zero-field mobility of
non-degenerate electron ensemble is estimated both for
parabolic and nonparabolic band structure considering
ionized impurity scattering, deformation potential
acoustic phonon and piezoelectric acoustic phonon
scattering. Thus we may observe the effect of
nonparabolicity on the temperature controlled electron
mobility  characteristics in semiconductors. The
relaxation time approximation approach is used to
investigate the mobility characteristics of free electrons
taking into account elastic scattering mechanism types.
The results are used to obtain the electron mobility in
InSb and GaAs which have one of the highest and

lowest values, respectively, of the nonparabolicity factor.

II. Theoretical Model

The finite nonparabolicity factor (a) of the
conduction band is taken into account through

electron energy (e) and wave vector (k) relationship
[8] of the form

h2k?
2m*

=v(€e) = (1 + ae). 1

Here A is the Dirac constant and m* is the effective
mass of the electron at the bottom of the I'-point. For
[-point minimum

*. 2
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where g, being the direct energy gap at I'-point, m,
the rest mass of the free electron.

The zero-field electron mobility can be determined by
solving Boltzmann equation in the relaxation time
approximation as
e(t(e))
n=

m*

(2)
1

where (t(€)) is the average relaxation time over the
electron energies, e is the electronic charge and my, is
the mobility effective mass of the electron.

The effective mobility (u) can be calculated taking
the individual contribution of the mobility ( u;,) by
ionized impurity scattering, the mobility (pqp) by
deformation  potential scattering and the mobility
(mpz) by piezoelectric scattering with the help of
the well-known Matthessen Rule as

1 1 1 1

—=——t—+— 3)
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2.1 lonized Impurity Scattering

The ionized impurities usually influence the electrical
transport at very low lattice temperatures. The
scattering due to electrostatic forces between the carrier
and the ionized impurity centers depends on the
interaction time and the number of impurities. The
integrated scattering probability for the ionized impurity
scattering has been determined both for parabolic and
nonparabolic band in the light of the Brooks-Herring
(BH) and the Conwell-Weisskopf (CW) approach [4].
When high degree of compensation is present, very few
free electrons are available to screen the ionized
impurities and in this case CW approach is more
convenient. On the other, when the compensation is low
each ionized impurity contributes one free electrons and
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then the impurity concentration n; can be used in place
of n,. For the sample of our interest the doping
concentration is low and hence the BH-approach will be
more appropriate. Using the expression of relaxation
time for impurity scattering calculated by BH-approach
[4] the temperature dependent mobility of the free
electrons for spherical parabolic band can be given as

2
€ 8kgT;
VksTL €p
€d I
3v2m3/272e3m*1/2n;’ €6 =

Hfm (T =¢4 %)

where C; =

2m*’

B2 = 4me?n,
s

, for non-degenerate ensemble.
eqkpTL

Here g4 is the static dielectric constant of the material,
Z is the number of charge units of the impurity and
kg is the Boltzmann constant.

If we use the expression for the momentum
relaxation time of an electron obtained in the light of
BH-approach [4] for spherical nonparabolic band then
the electron mobility can be given as

u:lrg (TL) = C2bim (®),

2
&d
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where C, = & = akgTy,

Pin(® = 15 {6m(® ~ Hin®@ &0 ()7 (5.}

Gim(®) = 2{aeg €1 +2(3 —aep) — 38+ 982},

Him (§) = {20eg §73/2 4+ 3(4 — aeg) £7/2 — 3aeg £1/2
+983/2 —9g%/2},

Here I'(a, b) is the incomplete Gamma function.
2.2 Acoustic Phonon Scattering

Electrons are not scattered by ideal periodic potentials
associated with the periodic array of ions constituting
the crystal. However, due the lack of periodicity due to
various reasons, electrons are scattered by lattice
vibrations propagating in the crystal. The deviation of
the crystal potential from pure periodicity may be
expressed by the amplitude of the lattice vibrations due
to a small displacement of an ion in the crystal causes a
small change in the crystal potential. This deviation
from the periodicity is generally expressed in a rather
phenomenological way as the deformation potential
method because of the difficulty of knowing the crystal
potential itself. The influence of lattice vibrations on

electron motions can be expressed by a quantum process
since the wave nature of the lattice vibrations can be
guantized as phonons. This process is termed the
electron-phonon scattering [14].

2.2.1 Deformation Potential Scattering

The acoustic mode lattice vibration induces changes in
lattice spacing, which change the band gap from point to
point. Since the crystal is "deformed" at these points, the
potential associated is called the deformation potential.
Using the corresponding relaxation time for parabolic
band structure the mobility associated with the
deformation potential scattering can be written as [1, 2]

-3/2
nh, (T) = AT, Y2, (6)

where

_ 2+2men*pv?
1= 3s§m*5/2k31’3/2_'
constant, p the crystal mass density, v being the
average sound velocity through the crystal.

When the expression of relaxation time for
nonparabolic band [3, 5] is considered the zero-field
mobility of free electrons for the deformation potential
scattering can be obtained as

A €, being the deformation potential

Map(TL) = Azdap(®), ™)
where
5v2meh*pv2ad/?
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2.1.2 Piezoelectric Scattering

Hap(®) = — (1 + 175§+ 358 — 105 & — 52.5 &%),

At low temperature strong interaction due to polar nature
of bonds can take place in the compound
semiconductors in addition to the acoustic phonon
scattering. Phonon perturbs the dipole moment between
atoms due to the displacement of the lattice. Polar
scattering due to acoustic phonons is termed as
piezoelectric scattering. Polar scattering is a dominant
scattering mechanism for carriers in compound
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semiconductor when there is no inversion symmetry in
the crystal. The electron mobility due to this effect can
be written for parabolic band as [1, 2]

-1/2
Hpz(T) = BiT, o 3
where
_ 16\/ﬁf128d R i .
1= Sogmen®  m DEiNg the  piezoelectric

coupling constant.

When the expression of relaxation time [3, 5] for
nonparabolic band is considered then the mobility of
electrons associated with the piezoelectric scattering can
be written as

by (T1) = Badhp (§), ©)
where
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II1. Result and Discussion

From the Eqgns.(4) to (9), it is noticeable that the
mobility values depend on lattice temperature T, in a
very complex manner when nonparabolicity of the
conduction band is taken into account in comparison
to what follows for the parabolic band structure. For
the application of the above formulation we consider the
most important I11-V semiconductors InSb and GaAs
which have one of the highest and lowest values,
respectively, of the nonparabolicity factor. To observe
the effect of nonparabolicity on the electron mobility in
InSb and GaAs in a temperature range from 1K up to
100K and for different ionized impurity concentrations,
we use the material parameters of these materials listed
in Table-1.

Table-1
Material parameters of InSb and GaAs [11, 12]

Physical constants InSb GaAs
Deformation potential, 30.0 120
g4 (eV)
Effective mass 0.0145 | 0.067
ratio(m*/my )
Acoustic velocity,
L veloety 3.7 5.2
v, (10°cms™)
Density, p (g cm™3) 5.78 5.31
Nonparabolicity factor,
5.72 0.64
a(eV™h)
Piezoelectric coupling 0.027 0.052
constant, k,,
Static dielectric constant, 179 135
€d
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Figure 1 and Figure 2 Dependence of electron
mobility upon lattice temperature. Curves
marked ‘a’ and ‘b’ are respectively, for ionized
impurity ~ concentrations  of n;=1X
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Fig.1 and Fig.2 the lattice temperature controlled
electron mobility is plotted for both parabolic and
nonparabolic band. From the figures it is seen that at
very low lattice temperatures the ionized impurity
scattering dominantly controls the electron transport.
The mobility assumes higher value for higher
concentration of the ionized impurity and the
mobility becomes independent of ionized impurity
concentration at lattice temperatures higher than 20K
or so both for parabolic as well as nonparabolic band.

From the figures it is observed that the temperature
dependent electron mobility decreases rapidly with
the rise of lattice temperature both for parabolic and
nonparabolic band. In both cases the qualitative
dependence is almost the same but due to
nonparabolicity of the conduction band the electron
mobility is less in comparison to what follows for the
parabolic band. Again with the rise of lattice
temperature the mobility values decreases more and
more due to the effect of nonparabolic band. It is
because the carriers become more energetic due to
high lattice temperature and the nonparabolicity
comes into effect.

To estimate the effect of nonparabolic band on the
mobility of the electrons we may calculate the
percentage deviation as

np _ ,p
£ F x100%

o=—0p (10)

Fig.3 shows how the percentage deviation of the
zero-field mobility due to nonparabolicity of the
conduction band in InSb and GaAs depends upon the
lattice temperature. Since &§ is always negative, the
finite nonparabolicity affects as lower value of
temperature  dependent electron  mobility in
comparison to that corresponding to a parabolic band.
The magnitude of § assumes a finite value at low
lattice temperature. Initially it increases slowly with
the rise of lattice temperatures and later on it
increases at a much faster rate when the lattice
temperature becomes relatively higher.
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Figure 3. Dependence of percentage deviation of
mobility upon lattice temperature due to
nonparabolicity

IV. Conclusion

In the present investigation we have calculated the
electron mobility considering the effect of
nonparabolic conduction band. In the study we
observe that the finite nonparabolicity affects the
mobility values particularly when the free carriers are
energetic. Thus we may conclude that in the study of
electron transport in semiconductors under high-field
condition or at higher temperatures, the effect of
nonparabolicity has to be given due consideration.
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