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ABSTRACT

The Boltzmann transport equation has been solved applying the relaxation time
approximation in the presence of weak electric and magnetic fields to obtain a general

expression for the anisotropic part of the distribution fumction of the degenerate fice
electron gas in heavily doped n-type silicon, The isotropic pait of the distribution function
was assumed to be the Fermi-Dirac distribution fimction and the constant energy surfaces in
k-space are considered to be ellipsoidal. The energy band distortion was taken into
consideration by using the Slotboom's approximation for the general expression of the

quantum density of states in heavily doped semiconductors given by Kane.

Employing the results of the Boltzmann transport equation expression have been derived
for the electron drift mobility, the Hall coefficient, and the coefficient of transverse
magnetoresistance valid for both the parabolic and non-parabolic density of states assuming

ionized impurity scattering to be the dominant scattering mechanism.

Finally, a numerical calculation for the normalized Fermi energy, electron drift mobility,
Hall coefficient , and coeflicient of transverse magnetoresistance using the parabolic and
the non-parabolic density of states in the impurity concentration range from 1x10” to
2x10% ¢m™ at 300°K reavils that taking the band tail states in the quantum density of
states reduces the magnitudes of these coefficients by as much as 37%, 59%, 54%, and
24%, respectively.




silicon using Mahan’s [15] treatment to calculate many body shifts in both the conduction
and valance bands and the non-parabolic density of states suggested by Slothoom [12] and
from their calculations they obtained excellent agreement between the theoretical and the
experimental values for both optical and electrical band gap narrowing in heavily doped
n-type silicon for various doping concentrations.

Sharma [16] has calculated the diffusion mobility ratio, i.e., D/ in a heavily doped
n-type silicon using the non-parabolic density of states and has compared these results
with those obtained by using the parabolic density of states. His calculations have shown
that the difference between the two calculations can be as high as 20% . Moreover, from
his calculations he also concluded that any serious calculation of the transport coeflicients
in heavily doped materials must incorporate the effect of band tails.

In light of these excellent agreements between theory and experiment, as confirmed
by Lee and Fossum [14], one expects that the band tails arising due to the randomness of
impurities should significantly modify the transport properties of highly doped materials.
Therefore, it seems useful to calculate theoretically the various transport coefficients in
heavily doped semiconductors taking into account the band tail density of states. However,
to the best of our knowledge no theoretical calculation of any other transport coefficients
in heavily doped silicon has been reported in the literature which take into account the
band fails due to the random impurity distribution.

In this research wok, an attempt will be made to illustrate that taking the band tails
into account can significantly affect the calculation of the transport coefficients in heavily
doped n-type silicon having many-valley type energy band structure with ellipsoidal con-
stant energy surfaces. In this thesis, we shall calculate the three most important transport
coeflicients, i.e., the drift mobility, the Hall coefficient, and the coefficient of magnetore-
sistance in heavily doped n-type silicon taking into account the anisotropy of the crystal
structure, the degeneracy of the free carriers, and the distortion of the energy band struc-
ture. The impurities are considered to be donors and contribute a single electron to the
conduction band. We also assumed that at 300°K, all the impurities are ionized, and thus
the electron concentration in the conduction band is equal to the donor concentration Ny.

In section (2.1) we discuss the energy band structure of lightly and heavily doped

n-type silicon, and give the explicit expressions of the parabolic and the non-parabolic




density of states.

In section (2.2) we first formulate the Boltzinan transport equation using the relax-
ation time approximation in the presence of de electric and magnetic fields and then by
linearizing this general equation, we solve it to obtain an expression for the anisotropic
part of the electron distribution function.

In section (2.3), we derive a general expression of the electron current density J in
terms of the conductivity coefficients using the anisotropic part of the distribution function
derived in section (2.2). Next we evaluate the three conductivity coefficients assuming
ellipsoidal constant energy surfaces. Finally, assuming a transverse orientation for the
magnetic field and the current, it is seen that most of the components of these tensors
will vanish and we are leff only with a few of them. As a result of this assumption, the
general expression for the current density will reduce to a simplified expression and thus
we get an expression for the current density which is the modified form of that obtained
by F. Seitz [1].

In chapter 3, we derive a general expression for the drift mobility, the Hall coefficient,
and the coeflicient of magnetoresistance using the parabolic as well as the non-parabolic
density of states.

Finally, in chapter 4, we use the general expressions derived in chapter 3 to compute
the drift mobility, the Hall coefficient, and the coefficient of magnetoresistance numerically
in n-type silicon in the range of impurity concentration from 1 x 108 to 2 x 10%° ¢m™3
at 300°K. We also plot the normalized drift mobility, Hall coefficient, and coefficient
of magnetoresistance as a function of n,. At the end we present a comparison of our
results obtained by using the non-parabolic density of states with the corresponding values

calculated by using the parabolic density of states.




2 Electron Transport Phenomena

In this chapter we shall briefly describe the band structure of silicon, the density of
states in moderately as well as heavily doped n-type silicon. We shall then solve the
Boltzmann transport equation in the presence of both electric and magnetic fields to
obtain an expression for the anisotropic part of the electron distribution function. This
will further be used to obfain an expression for the current density and the conductivity

coeflicients.

2.1. Energy Surfaces and Density of States (DOS)
in n-type Silicon
In this section we shall discuss the constant energy surfaces, the density of states and the

the energy band distorsion due to band tails and many body effects.

2.1.1. Eqi-energy surfaces and density of states in lightly
doped n-type silicon

In lightly or moderately doped semiconductors, the concentration of the impurity atoms
is strongly diluted and as a result, the wave functions associated with the electrons of
the impurity atoms do not overlap. Therefore, the energy levels of the impurity atoms
are discrete. In this case, the semiconductor still can be considered as having a perfect
periodicity, and thus the conduction and valance-band edges as well as the donor and
acceptor-state energies are well defined. These energies coincide with their respective
positions in the intrinsic semiconductor, and as a result, the density of states versus
energy obeys a square-root-law.

It is well known that the conduction band of silicon has six equivalent energy valleys
or energy minima whose energy ellipsoids have the cubic crystal axes as axes of rotation

as shown in Fig. (1).




Fig. 1. Schematic diagram showing location of the six equivalent

ellipsoidal conduction band valleys in silicon.

The energy function E(E) of electrons in the vicinity of each band edge, which are
distinguished by an extreme value of the energy, &, is simply obtained by a Taylor
expansion about this edge value, i.e., about the wave vector E = ko at the edge of the
conduction band &,
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where & = 5(/;,) and m; is the eflective mass ol eleclrons along the ellipsoid axes.

As can be seen from the above equation, the energy £ can be represented by a quadratic
function of the wave vector & if one stops the expansion after the second order term.
However, the carriers, although behaving as free particles in the sense that the variation
of € with £ is parabolic for any direction of motion, have a different effective mass along
each such direction. Geometrically, this means that the constant energy surfaces are
ellipsoids. Moreover, as a result of the cubic symmetry of cubic crystals, my = my # mg,
where mg is the effective mass along the major axis of a given ellipsoid. Therefore, the
constant energy surfaces in i space are ellipsoids of revolution about the main axes.
Because one axis of these ellipsoids is distinguished, the values of the effective masses will

be called longitudinal and transverse, my, and myp, respectively.
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It follows from (2.1.5) that the surfaces of constant energy are spherical in K'-space with

an effective mass ™ which will disappear at the end. Using these relations one can casily

th

show that the density of states in the ¥ energy ellipsoid is given by

(2m2myp)'’?
72h3

However, the conduction band of silicon contains six equivalent ellipsoids of revolution,

pNEVIE = (€ — &)2dE, (2.1.6)

and as a result, the total density of states in the conduction band for electrons becomes

3
I [/2m}\? 1
p(E)E = 53 (?) (€ —&)2dE, (2.1.7)
where
m; = 1\42/3(7?1%17711,)%, {2.1.8)

is the electron density-of-states effective mass which accounts for all six conduction sub-

bands in silicon and M is the number of equivalent energy minima.

2.1.2. Energy band distortion and density of states in heavily
doped n-type silicon

A semiconductor is considered heavily doped for the impurify concentration in which the
bound impurity states have disapeared. The situation in a heavily doped semiconductor
is not as simple as that in a lightly or moderately doped semiconductor with regards to
defining the band edge, £, or £,, and to determining the degree of 1onization for impurities.
In a heavily doped semiconductor, therefore, we must take into account modifications
introduced into the band structure by heavy impurity concentrations. The most important
effects of heavy doping can be described as follows.
a) Shrinkage of the Band Gap Because of the Many Body Effects

The band gap in heavily doped semiconductors is substantially reduced. There are many
reasons for the reduction of the band gap. The more important phenomena which influence
the band gap at high doping densities (Ny > 10¥cm™) are due to many body effects.
Using Mahan’s [15] treatment to calculate many body shifts in the conduction and valance

bands, Lee and Fossum [14] have identified and characterized the predominant many body




effects, i.e., carrier-carrier interactions, which are negligible when the majority electron
density is low, that alter the energy band structure in highly doped n-type silicon from the
fundamental structure in intrinsic and lightly doped silicon. Specifically the -k dispersion
relations that characterize the allowed electron states are modified, and as a result, &
and &, are shifted away from their respective positions in infrinsic silicon, buf the & -&
curvature (dispersion relation) is unaltered.

According to them, the important may body effects which produce actual rigid shifts of
the parabolic conduction and valance bands in energy-momentum (&-%) space in heavily
doped n-type silicon are the majority carrier (electrons) exchange energy and the mi-
nority carrier (hole) correlation energy. The electron exchange energy (electron -electron
interaction) results in a down ward actual rigid shifts of the whole parabolic conduction
band into the energy gap in & k space, and the hole correlation energy (electron-hole
interaction) yields an actual upward rigid shift of the whole parabolic valance band into
the band gap from its fundamental position in £-k space.

b) Formation of impurity band
In lightly doped silicon, the impurity atoms create bound, discrete, and localized states all
of which have the same discrete energy levels. However at high impurity concentrations
approximately equal to 1 x 10'® ¢m ™, the impurity atoms will interact with each other
so that the wave functions of their associated electrons are going to overlap. This causes
splitting of the impurity energy levels which at high impurity concentrations, greater
than 1 x 10" ¢m™, broadens to form a band known as the impurity band. The band
was assumed to be symmetrical about the average impurity level which moves toward and
ultimately into the the conduction baud as the majority electron density increases. At
the impurity concentration where the donor impurity band merges into the conduction
band, the donor ionization energy is reduced to zero. Above this doping concentration the
semiconductor is said to be heavily doped. Once the impurity band enters the conduction
band, it is inconsequential because the bound impurity states have virtually disappeared.
The donor ions are completely screened by the electrons and hence electrostatically in-
distinguishable from the silicon atoms. Hence in a heavily doped silicon, the free electron

density n is approximately equal to the donor concentration Ny,




¢) Tailing of the Band States into the Band Gap
The large number of statistically distributed impurity atoms also disturb the periodicity
of the the lattice of the semiconductor. An impurity atom introduces a local variation in
the potential energy of an electron because of the difference in the nuclear potentials of
the impurity and host atom, and as a result, the lattice atoms surrounding the impurity
atom relax into shifted positions. Such a local random variation in the potential energy
modifies the positions of the band edges. As a result, the bands extend beyond their
respective positions in the intrinsic semiconductor. This extended part of a band is called
the band {ailing.

The band tails represent, according to Kane [10], spatial averages of the quantum
density of states in the conduction and valance bands, which vary because of fluctnations
m the local electrostatic potential defined by the random distribution of the impurities.
The fluctuation of the local potential in a highly doped semiconductor due to a random
distribution of ionized impurities causes a spatially dependent distortion of the quantum
density of states. Concomitantly the statistical average over the entire lattice of the
density of states function, which defines the macroscopic properties of the semiconductor,

shows "tailing”

into the energy gap of both the conduction and valance band density of
states; the bands are no longer parabolic near the extrema.

The general quantum density of states function, p(€), based on the statistical average
over the lattice is then quite complex in a highly doped semiconductor. This complexity

is illustrated for n-type silicon in Fig.(3), which shows band tails and an impurity (donor)

band superimposed on the parabolic conduction and valance bands.
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Fig. 3. Superimposed quantum density of states function for highly doped n-type silicon
including the donor impurity band and the conduction - and valance- band tails. For
simplicity the functions are described interms of the electron (£} and hole (&£,) energies

defined in the figure.

To describe the macroscopic density of states function, Kane [10] assumed that the
variation of the local potential were sufficiently slow that a local density of states Eq.
(2.1.7), could be defined as if the local potential were constant. As a result, following Lee
and Fossum {14}, the simplified form of the general expression for the quantum density of
states, which as shown by Kaue [10] is the statistical average of the local density over the

lattice, in the conduction band of heavily doped n-type silicon is given by:

*3f205/4 2
my 2% %02
Z) = Y (2), 9.1.9
p(Z) peTe (2) (2.1.9)
where
1 2 i 2 .
Y(Z) = }Fﬁ/ (Z - )% exp(—C?) dC, (2.1.10)
and




&
= o

and o 1s the standard deviation of the Gaussian distribution function for the potential

Z (2.1.11)

energy, which is defined by the random impurity distribution,
To numerically account for the band tails in our model for the energy band structure
in highly doped n-type silicon, we note that Y(Z) in (2.1.9), which is defined in (2.1.10),

can be approximated by [12]:

) 1
v ~ s . .
Y(2) 221~ ) (2.1.12)
for z > 0.601,
Y(z) ~ —exp(—2*)[1.225 — 0.906{1 — exp (22)]], (2.1.13)
2

for z < 0.601.

Now following Lee and Fossum [14], we can assume that all the Ny donors are ionized
at 300°K, and as a result, the total mobile electron concentration n in the conduction
band of a heavily doped n-type silicon is equal to the donor {dopant) concentration Ny,

i.e.,

+co
Ny~n= f pe(€) fo(E) dE, (2.1.14)

o0

where p.(&) is now the non-parabolic density of states which is appropriate for the heavily
doped semiconductor and is given by (2.1.9), and fo(€) is the Fermi-Dirac distribution

function given by

1
1 + exp (gk;‘gf)

where Ep is FFermi energy, kg is the Boltzmann constant, and 1" is the absolute tempera-
3 b1

fo(&) = (2.1.15)

ture. If the Coulomb potential of the ionized impurity atoms is only screened by the free

carriers {electrons), the expression for & [14] is given by:

1'\7(1)\84 1/2 Fo
o= ( " ) (2.1.16)
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where ¢ is the permitivity of silicon, and A is the screening length in the Thomas-Fermi
model, where a higher carrier density requires the application of the Fermi-Dirac statistics.
In semiconductors mostly {ree electrons rather than ions provide screening, and thus we

have the following expression for screening length [25]

1/2
W4/36h2
A=|— ] . 2.1.17

[31/3!\f(}/37n:62 ( )

Now substituting (2.1.17) into (2.1.16), we get:

71'7/1263/251/2Nd5/12

o = , (2.1.18)

MM Agine
where ¢4 is the dielectric constant of the given semiconductor.

On inserting (2.1.15) and (2.1.9) into (2.1.14) and taking into account (2.1.12) and
(2.1.13), we get the following expression for the electron concentration in the conduction
band of a heavily doped n-type silicon:

3/2 3/2
N, = /ﬁz;’;"‘/ Yo, (2.1.19)

where

o =

1 f+0.601 exp (—Z2)[0.319 — (0.906) exp (22)] dZ+

217 oo (1 + exp[%z — n])

1

/+00 ZI/Z(I - (42)2)
+0.601 (1 + exp[;‘:/—j%z — 7;])

dZ, (2.1.20)
where 7 is the dimensionless Fermi-energy and is given by

Er

= — 1.21
1= o (2:1.21)

2.2. The Boltzmann Transport Equation (BTE)

When a semiconductor is in uniform thermal equilibrium, in the absence of external fields,
the distribution of electrons over the eigenstates available to them in each region of the
semiconductor is in accordance with the Fermi Dirac distribution function, and the electric

current density vanishes everywhere in the semiconductor.

12




A non vanishing macroscopic current density arises whenever the semiconductor is
subjected to an external electric field, temperature and conceniration gradients. Under
the influence of these fields and gradients the equilibrium distribution of electrons in each
region of the semiconductor is then deformed and becomes anisotropic because electrons
move from filled states to adjacent empty states. The central problem of any transport
theory is the calculation of the anisotropic part of the electron distribution function which
determines the the magnitude of the macroscopic current density.

To obtain the expression of the anisotropic part of the electron distribution function,
we shall solve Boltzman’s transport equation in the presence of external electric, magnetic,

and thermal fields.

2.2.1 Formulation of the Boltzmann transport equation

Conventionally, one uses an accounting procedure for carriers in phase space, i.c., in a
six-dimensional space and momentum representation (z,y, z, ks, ky, k;). The population
of electrons in a region of phase space is given by the distribution function f (E,f’,t). It
is also conventional to fix f (E,F’,t) so that it gives the probability that an electron will
occupy a state with wave vector % and a given spin orientation in the neighborhood of the
point 7 at time t. Since the distribution function changes with time, a group of electrons
within a volume element of phase space will move and reside in different volume elements
as time progresses. Considering the deformation due to the time dependence of 7 and k
onte obtains, using only the first term of a Taylor expansion:
af dr

L dE af _

The first term accounts for the local change of the distribuiion in time, the second term
for the change in real space, the third term for the change in momentum space, and the
term on the right hand side is the collision term which denotes the rate at which f changes
at the point (E,?") as a result of collisions suffered by electrons.

In steady state (%{ = {}), the Boltzmann equation becomes

af i o db
U VA i v 2.9.9).
(8,1)0 @ g Ve (222)
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where

die gl= 1 — i
==\ + - : 2.9
di h h [E + C(U % B)] (2.2:3)

Here fi and B are the external dc electric and magnetic fields, respectively, q is charge of

an electron, and ¥ is the group velocity of the electron wave packet and is given by

==V, 2.2,
i ] hVAS, ( 24)

where £ is the kinetic energy of electrons.

2.2.2 Boltzmann’s transport equation in the relaxation time

approximation

The important part for the carrier {ransport is the collision term of Eq. (2.2.2), which

provid the friction’ for the carrier transport. In the relaxation time approximation, the

(5), - (=) o

where f is the total deformed distribution function, fs is the unperturbed distribution

collision term is given by [25]:

function, and 7 is the relaxation time which depends only on the collision processes and

not on the external fields. For most of the cases 7 depends on the energy &€ of electrons.
Upon substituting Eqgs. (2.2.3) and (2.2.5) into Eq. (2.2.2}), the steady state Boltzmann

transport equation, which describes the transport of electrons under the influence of

external fields takes the form:

P

_ _v*kf:_f*fo

v'vrf‘f’h T

(2.2.6)

2.2.3 Solution of the linearized Boltzmann transport equation

Now we proceed to seek the solution of Eq. (2.2.6) in the form of a seties:

SRR = folB7) 4 (B 7)o+ fallo?) + folls ) 4 (2.2.7),
where fo(ﬁ,f") is the isotropic part of the total deformed distribution function, i.e., the

equilibrium distribution function of the particles and is assumed to be the Fermi- Dirac -

14




distribution function, f;(i::, f");fg(.l:,:r_") are the first, second, etc. order corrections to the
equilibrium distribution function. Because of our assumption that the external fields are
weak, fﬂE,f‘) + fg(E, F} + -+ can be treated as a small perturbation. Therefore, in the
first approximation, we shall retain only the first-order term fl(E ,7) in Eq.(2.2.7), and all
the higher orders would be neglected. Thus in the first order approximation we have the

following expansion for f:

J0,7) = fol, 7) + ik, 7). (2.2.8)

Substituting (2.2.8) into (2.2.6) we obtain the following equation for fi(k, ) :

—

T [l 4 1A+ 50 [l 4 ] = BT o)

In the most general case T' and Er may depend on 7. Upon performing the differenti-

ations and on taking into account (2.2.3), Eq. (2.2.9) reduces to:

o (3 N5 S r@medB o rdmned (55 B). 0 rime HED
%(X-v)}v-vrfl(k,?)qtRE-Vk_fl(L,r)+E(v><B) ufik, i) = 20,
(2.2.10)
where
X =gk -V, — (8 }8*’) v, T. (2.2.11)

Making use of the assumption that ﬁrT, 6,-5}?, as well as , are first order quantities,
and the derivatives of f; are of the same order of magnitude as that of f;, and on equating

the first order terms in equation (2.2.10), we obtain

Ak ) = —T(S)%{é? (-J - X) , (2.2.12)

It follows from Eq. (2.2.12) that fl(i:,ﬂ, to the first approximation, is independent
of the magnetic field and thus the influence of a magnetic field can no longer be taken as
a small perturbation. Therefore, the term proportional to the gradient of f; must also be

taken into consideration, and as a result , we get the following expression for fi.




o 8 = iy = T )
[l ) = 43% (-v - ,\) zz (v X B) Vihi(F, 7). (2.2.13)

Equation (2.2.13) is the linearized Boltzmann transport equation which can be solved by

iteration. In order to obtain a more general solution for fi, which is valid for any order
-

of B, we can rewrite (2.2.13) in a more convenient form by introducing a new variable @

defined by

fil 7y = =g i, (2.2.14),

which remains to be determined. Substituting Ec. (2.2.14) into (2.2.13), one obtains

B, 7) =1 (X ' ﬁ) . }(4’1 (ﬁ’ x E) V0 (%, 7) (2.2.15)
e
Now the magnetic term of the above equation can be rewritten as:

Fx B)Vid=— (B {)a, (2.2.16)
(9% B) (#4)

where

— -3 ]_ — —
Q=9xV,= Evké’ ka, (2.2.17)

is a vector differential operator in k-space.

Finally, using Eq. (2.2.16), the expression for the unknown function takes the following

form:
Sk, ™) =X + (B Q) ok, 7), (2.2.18)
where
-+ q‘T —
B =_—8B 2.9.
hc 3 ( 2 19(5)
X = (X5, (2.2.190)

We are therefore dealing with a linear partial differential equation of the first order for
®, whose solution can be found. The corresponding integral expression, however, is very

cumbersome. In practice, therefore, we content ourselves with an approximation for

16




magnetic fields that are not too strong. We do this by an iterative method, proceeding
from the limiting case B =0 for which ® = X. If this expression is substituted on the
right hand side of Eq. (2.2.18), we obtain a firsl approximation and when the method is

continued a solution in rising powers of the magnetic field is obtained.

ok, 7)) =X + (B - DX + (5 OB - HX + - (2.2.20)

This is the formal solution of the linearized BTE, Iiq. (2.2.18). Substituting Eq. (2.2.20)
into Eq.(2.2.14), we get the the following expression for the distribution function fi:
dfo

Tk, 7y = =2 (Kb (B )% + (B ) (B - X +--]. (2.2.21)

Equation (2.2.21) is a very general expression for the anisotropic part of the distribu-
tion function which takes into account the inhomogeneities on account of gradients in
temperature and electron density.

In the following sections we shall consider a homogeneous semiconductor so that the
spatial gradients of the temperature, Fermi-energy, electron concentration, etc. will van-

ish. On account of this assumption the expression for X reduces to:

X = q7(7- E). (2.2.22)

Since we are dealing with the effect of a uniform and i{ime independent electric and
magnetic fields, the differential operator ) does not act on them. Now on inserting Eq.

(2.2.22) into Eq. (2.2.20), the expression for @(i) takes the form
2 3
o 7 178 .a(+7. 3 YT 3.8|B.-6(+E -5
SR = qr(B-7) + ME?QGE:04-W§BSIP QGETQ]+ (2.2.23)

As mentioned before, the relaxation time 7 depends only on the energy. For most of the

electron scattering mechanisms the energy dependence of 7 can be expressed as follows:

- (2.2.24)

where 7 is a weak function of £ and thus can be taken as a constant and v is a parameter

whose numerical value depends on the scattering mechanism.

17




.
It is convenient to use tensor notions. Thus the vector operator §1 can be rewritten

as;

d
Qg = Cimvka—kl, (2.2.25)
where €; is the usual permutation tensor defined as:
€123 = €231 = €312 = +1, €213 = €133 = €321 = — 1, (2-2-26)
all other components being zero, and
Lk
vp = —., (2.2.27)
mg
Taking into account (2.2.25), we obtain the following expression for @:
3 g Im=3 P
k) = QZT'UI Ei + P Z TFIBmEmLJUA 8lv (T 'U[)+
=1 ,mﬁl
3 lmn=3
q 7 d
= > TEBnByemiivig % (emu, BLS(TU,O . (2.2.28)

{imn=1

2.3 Electrical Current Density and Conductivity Coefficients

In this section we will derive general expressions of the conductivity coefficients of the
current density valid for both the parabolic and the non-parabolic density of states in
a degenerate semiconductor, which will be used to derive the expressions of the various
transport coefficients.

Since in an inter-valley scattering large change in k are necessary for the transitions,
such scattering mechanisms are improbable. As a resulf of this we can usually limit
ourselves to the intra-valley scatiering. In this case each energy-valley can be treated
independently, and thus the contributions made to the total current by the individual
energy-valleys can be simply added, so that we can start with the calculation of the
contribution made by a single energy-valley.

For a semiconductor having a cubic structure, the conductivity coefficients will remain
scalar despite the complicated energy surfaces. However, if we take the contribution of a

single energy valley with ellipsoidal energy surfaces, which will be denoted by a suffix (v},

18




then this will give a tensorial conductivity because a single ellipsoid will not fit the cubic
structure; this is only so if all ellipsoids and their arrangements are taken into account,
To begin with we shall calculate the current density associated with a single ellipsoid,
which we shall assume to be symmetric about the &,-axis and to be centered on the point
k.0, as shown in Fig.(2).

The general expression for the electrical current density J may be rewritten as

T=aq [ ot o) £5) (23.1)

where p(f:) is the total density of states in k-space which is given by g f(E) is the
modified distribution function which, in first order approximation, is given by Eq. (2.2.8),
U(ﬁk) is the group velocity the electron wave packet in k-space and is given by Eq. (2.2.4),
@k is the volume element in £-space, and ¢b indicates that the integration is over the
whole conduction band.

Since the isotropic part of the distribution function fy makes no contribution to the
current, the total current is attributed to the anisotropic part of the distribution function.
On account of this fact and using Eqgs. (2.2.8) and (2.2.14), we get the following expression
for the current density:

j’ _ q af o

“i J, o€ v(k) D(k) &k, (2.3.2)

where @ is given by Eq. (2.2.28).
Since % decrcases exponentially with energy, the integration in Eq. (2.3.2) can be
taken over the whole %- space. On inserting Eq. (2.2.28) into Eq. (2.3.2), an expression

for the current density in weak electric fields can be obtained in rising powers of the

magnetic induction B in the () ellipsoid. That is,

‘]l(y) = O—EIVJEI + QE;lE{Bm + ﬁx(;:r)mEleBn + (2‘33)
where
2
S AL Bl 2.3.4
ST T f 22T (2:3:4),
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3
v 4 dfo d .
fhl o ’JT‘}hC /b(u) dg Ul T U’» r'll (T U[)EJHA,J(I ]1 (2.3.0)

i
and
4
o .1 0fo 9 4 e PR
ﬁilmn - 471'3}1262 ./b(v) 98 e Ui T Vg al» T Uy a]b (T Ul) C?lkj67?lr5d k. (236)
Here JE;’), which is a tensor of rank 11, is the usual zero-magnetic field conductivity tensor

and it determines the current produced by the electric field in the absence of a magnetic
field. a(!) , which 1s a tensor of rank III, is associated with the Hall effect, and ﬁt{;’n)m is a
tensor of rank IV and is associated with the magnetoresistance effect. These coefficients
are often called the conductivity coefficients.

As can be seen from their definitions, the tensorial form of the conductivity coefficients
is caused by the crystal anisotropy and is independent of the magnetic field. In the
evaluation of the above integrals, the simiple model of spherical energy surfaces is no longer
adequate since it always produces scalar values. The tensorial nature of the conductivity
coefficients therefore requires anisotropic energy surfaces in E—space. The anisotropy of
the electron energy affects the relaxation time, but for the sake of simplicity it will further
be assumed that the relaxation time depends on the energy only.

Any realistic theory of transport coefficients in silicon must incorporate the following
assumnptions,

1) The constant energy surfaces in the neighborhood of the energy minima
are ellipsoids of revolution with the cubic axes as axes of rotation.
2) The k coordinate axes coincides with the cubic axes.
3) The electron energy £ (Z) is given by Eq.(2.1.1) in the vicinity of each band edge.

Now we proceed to evaluate these conductivity coeflicients in a single energy- valley.
Since 7 and 3{3 are even functions of &; and v; is an odd function of k;, the integrand in
(2.3.4) is an odd function of &; for ¢ # [, and thus the integral vanishes when we integrate

over the whole of E—space. This means that a:(;') £ 0 only when ¢ = [, and as a result of

this cr( ") is a diagonal tensor, that is,

b = 6y, (2.3.7)
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where 6 is the kronecker delta function. This integral can be computed by integrating
first over a constant energy surface and then over the energy. We can express dk interms

-

of energy d&(k) using the following relation:

dE =& - dk =h | i | dhkn, (2.3.8)

where dk, is the projection of the vector dk on the normal to the constant energy surface.

k

Introducing the element of the energy surface ds” for the v'* energy-valley, the element

of the volume has the form:
&Ek = ds"dk, (2.3.9)
Taking into account Egs. (2.2.27) and (2.3.8), we obtain

dEds”

h2 (” E?:'l %)

For the evaluation of the above integrals, we shall transform the ellipsoidal energy surfaces

Pk =

(2.3.10)

into spherical energy surfaces by applying the transformation given by Eq. (2.1.4), and

as a result, we get the following relation

1
2.m 13
B = [Mﬁ] S (2.3.11)

?n_z:‘:i
—+ -
where &k is the volume element in k-space, and @k’ is the volume element in A’-space.

Now using (2.1.7) and (2.3.11), one can easily show that:

2 % i
Pl — [meL } ds™ d& (2.3.12)

n*2h2 [5 . 56}1/2’
where d5™ 1s the element of the energy surface in E’—space. From (2.1.4) and (2.2.27), the

velocity components are given by:

m*\ /*
v; = (—) i, (2.3.13a)

where

(2.3.13b)




Therefore, interms of the new variables v} and kf, the energy surfaces are once more
spherical and the velocity satisfies the same relation as for spherical encrgy surfaces.

On inserting Eqs. (2.3.12) and (2.3.13) into (2.3.4), and on setting & = 0, we obtain the

following expression for the conductivity tensor ari(,” )
2} 2 \'? [ 0fo dE
I L L Lo dE [ g (2.3.14)
d73m*? \ 2mimy v OEE fon

Now the integral over a surface can be represented as an integral over a space angle

using the following relation

ds™ = ke, (2.3.15)

where dQV is the element of the solid angle in &'-space. On carrying out the surface

integration using spherical coordinates along with Eq. (2.3.15), one readily obtains:

242 (2m%‘mL)% 8i dfo
_q - : oJ0
3 ?Tzﬁ (n],g-m{)i v 68

o) = g3de, (2.3.16)

where 8 -is the kronecker delta function. Finally, on taking into account Eq. (2.1.6) the

contribution made by a single energy-valley to the components of the conductivity tensor
reduces to:

) _ ([271(”) < T >

Gt T T

8, (2.3.17)

Ty

where

n) = / P HE) fo(€) dE, (2.3.18)

and

oo _ﬁ?_fé‘ TEP(S)%L; d&
STIT TR, 0(E) Jol€) dE

in which p(&) is the density of states in the whole conduction band.

(2.3.19)

Next we proceed to evaluate Q'EZL employing a similar procedure. For the case when
7 is a function of £ only, one can easily show that the term involving the derivative of 7

gives zero contribution. As a result of this, Eq. (2.3.5) reduces to:
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(O S [ P 2.3.20
Xt zﬁ’]T‘?'nl(C ]Cb(p) a& PRk - ( e )

(v}

Now by following exactly the same procedure as in calculating o}, we obtain:

3,, (1) 2
vy _gn’<7 > 2.3.91
Qi mamgc Emils ( D )

where

2 [ 12Ep(E)20dE
oz S8 I I0E 2.3.22
ST R e ey de 3
(v

Employing the relation €,,; = €j,, the above expression for a'“n)1 reduces to

s ) <t >
A A . (2.3.23)
L IMC

From Eq. {2.3.23), we note that a'g;;l # 0 only when 1 £ 1 # m # 1.
()

Finally, we wish to evaluate /3, .

Up on performing the differentiation by applying
a similar procedure as in the evaluation of the previous two conductivity coefficients, we

obtain

4

v 3
ﬁi(ln)m = —m /b(y) -5’%’1"3 Vi Vk€nki Emjl k. (2.3.24)

By following exactly the same steps as in calculating a},”’, one can show that:

v g*n <73 >

i - EiniCiim 2.3.25
ilmn m,:mzmj62 Jnttgim, ( )

where

2 fe T°Ep(E) %fg‘l(lé’
3'f, /(&) fo(€) dE

On account of the property of the unit anti-symmetrical tensor, the product €jni€jm

<7 >= (2.3.26)

summed over ) is non-zero if and only if

n=1landi=m+# 1 or

n=mand:=1#m (2.3.27)
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The product is positive in the first case and negative in the second case. Cousequently,

on taking into account (2.3.27), we sec that ﬁ!lmn # () only when the indices are equal in

pairs, that is,

t=landm=nori=mandl{=n (2.3.28)

Thus, for cubic crystals a large number of the elements of the tensor ,6’ will vanish.

ilmn
Finally, using (2.3.17), (2.3.23), and (2.3.25), the contribution made by a single energy-
valley (in our case the (100) ellipsoid in the conduction band of silicon) to the current

density can be written as ;

J(v) 0'11)E1+0'§2 E2B3+ag3)zﬂ332+431122ElB +ﬁ1133(”)ElB:3+31;¥2E B!Bz‘]‘ﬁla:sESBlBB
(2.3.29¢)

I = 63 Byt ol 13 By 4+ ol By Bs+ B By BE 4 Bl B B2+, By By By + 83 B3 By By
(2.3.295)

Jrgy) - U:g;)E ‘|’031) Ey B, +a'g;)1 E2Bl+ﬂ:g;%1E3312+ﬂ§;)22ESB§ +ﬁ:)(‘11/2°.1E1 By By +ﬁ:(*»gg’,2EﬁB3BZ

(2.3.29¢)
The non-zero terms of (2.3.17), (2.3.23), and (2.3.25} are given by
(*) qznf") <7 >
gy = —————
1 mi !
0 <7
o‘ég) = u_; (2.3.30a)
meq
(v) qzn(") < T >
o =
33 s ;
(v) ) _ q3n(”) <7>
. o .
Q33 = 213 7 TM1tTae
3..(v) 2
(1) _ g ST 2.3.306
Qggp = — Q391 ~ mainae (2.3.306)
a(u) . _a(y) - qsn(“) < T2 >_
312 T TGy — 7-—_?l3?711 c
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1(1212 = ﬂ}(g{s = 57)21 = gggs = f:.r;:)zl = ﬂ;(s-lz’gs‘z? (2-3-30‘/‘)

(v) ([Ll?l-(u) < 7'3 >_

P mamac?
w _ ¢n <t s
1z m2mgc?
4. {¥) 3
e = ﬁ%—i; (2.3.30d)
() - q“n(”) <73 >
2211 — “W
vy q“nm <7 >
BT mZmye?
o q"n(") <73 >
e
) q4n(”) <7 >
3322 — ﬁW,

Next we have to find the total current density by adding the contribution of all the
energy-valleys. As stated in section (2.1.1), the conduction band of silicon consists of six
equivalent ellipsoids of revolution with the cubic axes as the axes of revolution. If we
take a given crystal axis there are always two axes of rotation in the same direction and
four at right angles to it. Accordingly, two J,-(") with mass myz and four with mass myp
contribute to the current density components in this direction. The total current density
components may then be expressed as:

v=6

Ji = Z Jz-(y), where 1 = x,¥,2 (2.3.31)

v=1
Since all the ellipsoids are equivalent, the electron density n(*) per energy-valley in the

conduction band of silicon is given by:
n® = (2.3.32)
6
Note also that

my = my, and ma = mz = my; for the (100) and {100} ellipsoids;
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g = my and mq = mg = mr; for the (010} and (070) ellipsoids; (2.3.33)
ms = my, and iy = my = mep; for the (001} and (001) ellipsoids;

In view of (2.3.32) and (2.3.33), we have

JE00) = 100, g{o10) — () ploon) g (oo, (2:3.34)

Employing these relations, the summation in Eq.(2.3.31) may be written as :

Ty = 2 [J00) 4 g{er0) 4 gloon] (2.3.350)

A similar relation holds for the other two components,

Jy =2 [JES]UU) - ']15010) ¥+ Jy(ﬂUl)] , (23355)
J, =2 [J:Emo) + Jz(ow) 1 Jz(arn)] , (2_3_356)

Now up on performing the summation over all ellipsoids one obtains the following expres-
I g ex]

sion for the components of the current density

Jo = 00y + a|E Bz — B,B)| + B{B: + B}\E, +4[E,B, + E.B.]B,, (2.3.36a)

Jy = 0olsy + a[E By — E,B,) + B[B2 + BAE, + 4[E. B, + E.B;)B,, (2.3.36b)
J, = 00, + ol Ly By — Ey B, + B[BL+ BIE, + v BB, + E,B,)B,. (2.3.36¢)

Here after seting ¢ = (—e) for electrons we have

011 = 09y = 033 = 0Oy, (2.3.37a)
Qg3 = Giag1 = Q312 = —Q213 = —03g; = —Q3p = &, (2.3.37b)
Braia = Prsiz = Paim = Bases = Poinr = Paas = 7, (2.3.37¢)
Praz = Priss = Pazn = Pazss = Paznn = Paaza = f3, (2.3.37d)

lor>f 2 1
e =T { } (2.3.384)

Oy =
3 my o my
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s 3 2 2 1
a= ST [ + —} , (2.3.380)

3e mpmy  mk
4 3
net <77 > 1 1 1
f=—— 5+ - b —3} (2.3.38¢)
3¢ mpms  mpmyi iy _
4 3
ne <71 >

V= 3 (2.3.38d)

mpmic

Eq.(2.3.36) can be rewritten in another form as:

Jy = 0By + o[EyBg — E, B, + BE,B? + 4(E - B)B, + §E,B2, (2.3.39¢)
Jy = ool + o[E. B, — BB, + BE,B* + v(E - B)B, 1 §E,B2, (2.3.395)
J, = 0ok, + a|E,B, — E,B,] + BE,B* 4 y(E - BB, -+ §F,B?, (2.3.39¢)
where 6 = —f — «, is a constant of the material and is given by:
5= _net < 7% > 2 1 1 (2.3.40)
3c? mpmi  mpmi  mi

In an isotropic medium, where no direction is distinguished, the effective mass is no
longer a tensor but is a scalar, i.e,, it can be represented by a single effective mass,
and thus & will vanish. Therefore, § accounts for the anisotropic terins, vanishing for
an isotropic medium. It is only its presence that distinguishes a cubic medium from an
isotropic medium. In cubic crystals, due to this term all directions are not equivalent.

o
The total current density J can be written in terms of its components given in

£q.(2.3.39) as follows:

— -+

J = 0ok + a(E x B) + SEB* +vB(E - B) + 6SE, (2.3.41)

where S is a diagonal tensor having elements B2, B2, B2. F. Seitz [1] has derived a similar
equation for anisotropic systems possessing cubic symmetry., His derivation was valid
for non-degenerate semiconductors using the parabolic density of states and Boltzmann
statistics.

Here we have modified Seitz’s general equation in heavily doped n-type semiconduc-
tores using
1) Fermi-Dirac distrubution function to account for the degeneracy of the free electron

gas.
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2) non-parabolic density of states to account for the distorsion of the energy band struc

ture.
We have also derived general expressions for the conductivity coefficients taking into
account the degeneracy, anisotropy, and energy band distorsion of heavily doped n-type
silicon

This equation, i.e., Eq. (2.3.41) or {2.3.39) is the basic equation in our analysis of
transport coeflicients. This is because all the transport coefficients that we are going to
deal with are expresed interms of the conductivity coeflicients.

In order to obtain the galvanomagnetic coefficients in accordance with their usual
definition, Bq. (2.3.41) must be inverted, i.e., we should obtain an expression for £

interms of J up to terms of second order in 5. By iterating Eq. (2.3.41), we obtain that:

E = pod — Ro(J x B) + pol6JB* + cB(B - J) + dSJ], (2.3.42)
where
po =00
84
i
b= —pa(B + poa®); (2.3.43)

¢ = —po(y — poct’);
d = —peb;

in which pg is the resistivity in the absence of a magnetic field, Ry, which will be discussed
in section (3.2), is the low field Hall coefficient, and the last three terms are called the
magneto-resistance coeflicients.

As can be seen from Eq. (2.3.39), the relation between the current and the electric field
is a tensor because each current component depends now not only on the corresponding
field component but also on other components, This of course has nothing to do with
the crystal anisotropy but must be attributed to the influence of the magnetic field which
deflects the electrons at right angles to their direction of motion and thus leads to an
electrical field in this direction. The conductivity tensor in a magnetic field which can

be taken from the coeflicients of the components of the electric field strength in (2.3.39),
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also appears in isotropic medium. This must be distinguished from the tensorial form
of the normal conductivity coeflicients, which is caused by the crystal anisotropy and is
independent of the magnetic field. In general these two effects are superimposed. However,
in a cubic crystal only the magnetic field leads to a tensorial conductivity, as can be seen

from (2.3.41), but the crystal structure itself does not.
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3 Transport Coeflicients in Heavily
Doped n-Type Silicon (HDNS)

In heavily doped semiconductors, band tails arising because of the randomness of the
impurity distribution can significantly modify the density of states function by introducing
additional states in the band gap. As a result of this both the conduction and the valence
bands are no longer parabolic near the extrema, and thus the parabolic density of states
function given in Eq. (2.1.7), is no longer valid at high impurity concentrations. Therefore,
any meaningful theory of transport coefficients in heavily doped semiconductors must use
the appropriate expression for the density of states, and as a result, we are obliged to
modify our transport equations which are appropriate for heavily doped semiconductors.

In this research work, we shall study only the three most important transport co-
efficients, that is, the electron drift mobility, the Hall coeflicient, and the coeflicient of
magnego-resistance, In this chapter we shall derive general expressions of these transport
coefficients which is valid for both parabolic and non-parabolic density of states in heavily

doped n-type silicon.

3.1 The Electron Drift Mobility (EDM)

The electron drift mobility . in the conduction band of a semiconductor is related to the

conductivity o, by the well known relation {25]:

O¢ = €Nfle, (3.1.1)

n is the electron concentration in the whole conduction band, ¢ is the magnitude of the
electron charge. However, as we have shown in section {2.3.1), the conductivity associated
with a single valley is a diagonal tensor of rank 11, and as a result, the mobility associated
with a single valley must also be a diagonal tensor of rank IL. Therefore, the electron drift
mobility associated with a single energy valley is anisotropic rather than isotropic.
Therefore, in view of (3.1.1), the tensorial components of the electron drift mobility
{u)

f¢;; in a semiconductor are related to the components of the conductivity tensor 0‘5;’) in

the (%) ellipsoid by the following relation:
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JE:’) = en.(”)ﬂ.g;’), (3.1.2)

On inserting (2.3.17) into (3.1.1), we get the following expression {or the components of

the electron drift mobility tensor:

W= s sy (3.1.3)
m;

where < 7 > is the average relaxation time given by {2.3.19), and m; isthe effective mass
associated with the major axes of ellipsoids. Therefore, the drift mobility of electrons
associated with a single energy-valley is a diagonal tensor.

The total mobility of electrons in the conduction band of silicon is obtained by sum-
ming the contribution of the six ellipsoids just in a similar procedure as in section (2.3),

and as a resulf, we get

i = ;‘;’— <7, (3.1.4)

‘¢

where m? is the conductivity effective mass, and is given by

1 11 2 1 2k +1
S N (3.1.5)
m: 3 |mr my 3y,
and £ is the anisotropy factor which is given by
my,
k=—2 3.1.6
mo ( )

As can be seen, the diagonal elements j; of the mobility tensor are all equal; this
means that the total mobility of cubic semiconductors, having ellipsoids of revolution as
the constant energy surfaces, is a scalar quantity. The only effect of taking into account
ellipsoidal energy surfaces is that the density of states effective mass is replaced by the

conductivity effective mass in the expression for the mobility. Thus we have

H11 = pfon = flaz = e, (3.1.7)
where

fo = — < T >, (3.1.8)

*
m:
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Now this equation, with < 7 > given by Eq. (2.3.19), is valid in both parabolic and

non-parabolic band models of the conduction band of a degenerate electron gas.

3.1.1 The electron drift imobility in HDNS with parabolic DOS

In the absence of band tails, the parabolic density of states in the conduction band is given
by Eq. (2.1.7). Using the parabolic density of states and taking into account (2.3.19) with

Ec = 0, we obtain the following expression for the electron drift mobility.

S r€idhae
3my [ €3 fo(E) dE

In heavily doped silicon (Ny > 3 x 10"®em=3) the acoustic phonon scattering becomes in-

fe = — (3.1.9)

significant and one can safely assume that the ionized impurity scattering is the dominant

scattering mechanism in the temperature range 100 to 300°/. Thus 7 is given by:

T =To2?, (3.1.10)

where z is the dimensionless energy given by:

E

and 75 is a weak function of energy and therefore can be treated as a constant.
On inserting (3.1.10) into (3.1.9), and changing the variable of integration from & to
z and then performing integration by parts, one gets

o = 2570 o folw)dz (3.1.12)

m f 1,2f0 ([q,
where fo(z) is given by Eq. (2.1.15).
For the purpose of numerical calculation it is more convenient to express the EDM in

STQ

dimensionless form by normalizing it with €=, Thus dimensionless electron drift mobility

fn in n-type silicon is given by:

€T,

- 202k + 1) fooo 22 fo(z)dz

. 3.1.13
my, 3 I :c%fo(:c)(lw ( )

fon = ftef(
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3.1.2 The electron drift mobility in HDNS with non-parabolic
DOS

The expression for the drift mobility of a degenerate electron gas given by Eq. (3.1.8)
is valid for both parabolic and non-parabolic band models provided that < 7 > defined
by Eq. (2.3.19) is evaluated using the appropriate expression of the density of states.
In a heavily doped n-type silicon, as shown in Fig.(3), the density of states is no longer
parabolic, since the conduction band density of states show tailing into the energy gap.
As a result, with the electron energy defined as in Fig.(3), the lower integration limit in
(2.3.19) must be -co because additional states are available for electrons in the energy
gap below the shifted parabolic conduction band edge &..

With these modifications, the general expression for » in Eq. (3.18) in the distorted

conduction band can be rewritten as:

2 T2 r(E)Ep(E)5 de
3 [T p(E) fol€) dE

p(€) is now the non-parabolic density of states appropriate for distorted bands as illus-

< T = (3.1.14

trated in Fig.(3). Following Slothboom we have already discussed this distorted density
of states in section (2.1.2), and it was given by Eq. (2.1.9) for a heavily doped n-type
silicon. &€ is the total energy of electrons relative to the shifted parabolic conduction
band edge, and &, is the kinetic energy of electrons in the distorted conduction band. As
shown in Fig. (3), for convenience we set the origin of the energy at the shifted parabolic
conduction band edge £, and we measure the electron energy &€ relative to &,. It‘is more
convenient to use the dimensionless energy Z in the expression for < 7 > in Iiq. (3.1.14).

Thus we obtain:

2 [T r(Z)Zp(2) G2 d2
320 p(2) fo(2) a2
On inserting Eqs. (2.1.9), (2.1.15) into (3.1.15), we get the following expression for < 7 >:

5/2
27’0 \/240' 1,b5/2
=— " — = 3.1.1

< T >= , (3.1.15)

where ¥ is given by Eq. (2.1.20), and
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1 fr%m | 2 £10:319 - (0.906) exp(22)
Uf,% — :

22 Joos (1 +exp ]‘\;_,I.Z — r]])

exp(z[%z —n—ZHdZ +

too Z3(1 — exp[LZ — 7]
f (0 ey dZ. (3.1.17)
+

o0t (14 exp (252 — 7))’
Substituting (3.1.16) into (3.1.8), we get the following expression for the electron drift

mobility in heavily doped n-type silicon:

eto 2(2k + 1) V2o %lbf' ,
E_E_Q_u( ) (3.1.18)

kT | o’

The normalized dimensionless electron drift mobility then becomes

N e _ 2(2k + 1) V20 gd)g
fon = (ero/my) 9 (m) o’ (3-1.19)

3.2 The Hall Coefficient (HC)

The physical phenomena which take place in a substance placed in the combined electric
and magnetic fields in the presence of electric current due to the action of the electric
field are termed galvanomagnetic phenomena. The effect of these fields is quite different.
Whilst an electric field accelerates the electrons in the direction of the current, a magnetic
field deflects them from their direction with out altering their energy. Of all the trans-
port coeflicients of the galvanomagnetic phenomena, we shall consider only the two most
important ones, that is, the Hall coeflicient and the coefficient of magneto-resistance. In
this section we shall deal with the Hall effect, which is described by the Hall coefficient,
where as the coeflicient of magneto-resistance will be discussed in the next section.

Now we proceed to describe the Hall effect by considering the usual experimental
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arrangement shown below in [ig.(4).

Fig. 4. The Hall geometry
Consider 4 finite semiconductor sample in the form of a parallelpiped with ils edges
directed along the coordinate axes as shown in [Mig. (4). An electric field £, is applied
to a semiconductor extending in the x-direction and a current density J, flows in it. Now
we switch on a magnetic field induction 5 acting in the z-direction. As a result, due to

the Lorentz force, the following force will act on electrons.

T ) (3.2.1)
C

Electrons are deflected in the positive y-direction by this force. However, since electrons
are constrained by the sides of the semiconductor slab, they will accumulate near the back
side of the slab. As a result an electric field will be generated in the positive y-direction
that opposes their further motion and accumulation. In equilibrium this transverse field,
Is,,, which is usually called the Hall field, will balance the Lorentz force, and no current
will flow in the y-direction. For such arrangements, the Hall coeflicient is conventionally
defined by the relation
L

¥
= . .2
S B (3:22)

For the case of weak magnetic fields, only terms linear in B need be retained for the Hall

R

effect in Eq. (2.3.39). As a result of this assumption we get the following expression for

the components of the current density:

Jo =0oloy + o, B,

Jy = oo, — al0. B, (3.2.3)




J. = 0.

The Hall field £, is determined by the requirement that there will be no transverse current

Jy. Using (3.2.2), (3.2.3), and Setting J, = 0 in (3.2.3), one can easily show that:

(43
R:—S‘ | 4 282

Uu

L } . (3.2.4)

In view of (2.3.38a) and (2.3.38Dh), we get:

1 <72 >3k{k+2 1
R - _;E< : >2 (2]& ++1)2) 1 e2 B2 <252 k(}\_*_g) ¥ (3.2.4)
+ m?c? <r>2 N\ 2k41 )

where % is given by (3.1.6). Here it can be easily seen that the second term in the
denominator of the square brackets is of the order of w?7?, and thus by our assumption
of weak magnetic fields, can be neglected. Thus our expression for R simplifies to:

1 <7 >3k(k42)

R= Tnee< T > (2k 4 1) _ (3:2:5)

This expression is valid for both parabolic and non-parabolic bands with the appropriate
choice of the density of states. In the next section we shall derive an explicit expression
for the & using the parabolic and the non-parabolic density of states in a heavily doped

n-type silicon.

3.2.1 The Hall coeflicient in HDNS with parabolic DOS

Here we shall assume that the quantum density of states have the square-root dependence
on energy and use the Fermi-Dirac statistics to describe the degenerate electron gas in
the conduction band. In this case density of states function is given by Eq. (2.1.7) and

< 72

> is given by (2.3.22). For reasons mentioned before we shall consider ionized
impurity scattering as the dominant scattering mechanism so that the relaxation time is
given by (3.1.8). Using these assumptions along with setting & = 0 and on performing
the integration by parts, we obtain the following expression for the Hall coefficient of a
degenerate electron gas in heavily doped n-type silicon:

+00 T2 . o .12 " .
po L 9k(k+2) [foT 2™ fo(x) de]fy /fﬂ(a,)d:b], (32:60)

neca(2k + 1)’ o™ a2 o) daf
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The normalized hall coefficient is then given by

po B Ok [T fole) dell ) 0 fofer) de) (3.2.60)
1/(nec) 4(2L+l) j; x? fo(a (h,]

3.2.2 The Hall coefficient in HDNS with non-parabolic DOS

Here, since the conduction band in the vicinity of the energy extrema is distorted due
to band tail formation, additional states are available for electrons below the shifted
parabolic conduction band edge and thus the lower limit of integration can be set to —co.
Therefore, we have to use the non-parabolic density of states for the quantum density of
states which is given by Eq (2.1.9). By applying the non-parabolic density of states for

the quantum density of states, we get the following expression for < 7% >:

2 4
<5 2T (ﬁ> ibi, (3.2.7)
o

where thg and 5/, are given by Lqs. (2.1.20) and (3.1.16), respectively and 1, is given by

b /+o_em Z4[0.319 — (0.906) exp (22))1 9
4 = 1
277 J oo (1 -I-eXP[ﬁUZ al)’

2
exp(—Z*+ I’%Z — 1) dZ+

too Z5( L Yexp Y222 — ]
/ (N PS (3.2.8)
+

2
0601 (1 +exp[}28Z — 1))
Now substituting Eqs. (3.1.16), and (3.2.7) into (3.2.5), we get the following expression
for R.

1 9k(k+2) kgT ¢o¢4

2.
" nec2(2k+1)? /2o ;!)% (3:2.9)
The normalized Hall coefficient r is given by:
k(k+2) kT
B k1 2) ks oy (3.2.10)

T (1/nec) ~ 202k 1 1)? Voo ps?
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3.3. The Coefficient of Magneto-resistance(CMR)

In this section we shall discuss the change in the resistivity p in a magnetic field and also
derive the expression of the coeflicient of transverse magnetoresistance. In a magnetic field
the resistivity p becomes magnetic field dependent and increases with increasing magnetic
field. Since the longitudinal magnetoresistance reacts particularly sensitively to the band
structure, it cannot be described by the simple model of spherical energy surfaces. This
means we must take into account the real band structure of the material which is in most
cases anisotropic. Here also we shall assume that the magnetic field is weak, and thus we
shall neglect all higher order terms greater than B2 Since magnetoresistance is highly
dependent on the relative orientation of the magnetic field and the current, we consider
the two special cases, i.e., the longitudinal and the transverse orientations. If E is the
clectric field and J is the electric current, then the resistivity measured in the direction
of the current J is given by:
E.J
J2

Therefore, on using Eq.(2.3.42), we get a general expression for the resistivity in the

p= (3.3.1)

presence of a magnetic field,

p(B) = po+ (0B + o(B - J)? + ds7Y, (3.3.24)
or
p(B) = po+ %{szﬁ +o(B-JY 4 d(J2B2 + J2BE 4 J2BY). (3.3.20)

where pg is the resistivity in the absence of a magnetic field, and p(ﬁ) is the resistivity

in the presence of a magnetic field.

a) The Longitudinal Magneto — resistance (LM R)

The LMR is measured with B parallel to .J. When J is parallel to any of the cubic axes

it. yields:

p(f}) = po + palb+ ¢+ d| B> (3.3.3)
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But in cubic semiconductors, for which the constant energy surfaces are ellipsoids of

revolution, the term in the square bracket is zero. Thus,

-

p(B) = po,

a(g) = oy, (3.3.4)
and from this 1t follows that

Ji = oo Bl (3.3.5)

As can be seen from Eq. (3.3.5), a magnetic field applied in the direction of the current J
does 1ot affect the current J. This means that there is no LMR along any of the < 100 >
directions of a cubic crystal whose constant energy surfaces are ellipsoids of revolution.

As a result of this the coeflicient of LMR which is defined by the relation,

- p(B) — po
poB?

is zero along any of the cubic axes. Therefore; the coeflicient of LMR in cubic semicon-

(3.3.6)

ductors, having ellipsoids of revolution as the constant energy surfaces, is non-zero only

when the current does not coincide with any of the crystallographic directions.

by The Transvers Magneto — resistance (T M R)

On inserting Eq. (3.3.2b) into Eq. (3.3.6), we obtain the following expression for the
coeflicient of TMR.

o B0y d(J2BE+ JEBE + J2BY)
J2B? J?B? '
As can be seen from Eq.(3.3.7), the coeflicient of TMR is strongly dependent on the

I{f:b'{‘

(3.3.7)

angle between the current J and the magnetic field B’, and thus MR varies with crystal
orientation.
The TMR is defined when B is perpendicular to J. 1T is parallel to any of the cubic

axes, the coefficient of TMR depends only on b, that is,

Ht - b, (3.38)




For other orientations of J, H; depends on both b and d. On account, of Eq. (2.3.43), the

expression for the coefficient of TMR. in Eq. (3.3.8) becomes

Hy = — (ﬁ + 9;) , (3.3.9)

Jo Tg
so that on taking into account Eqs. (2.3.38a), 2.3.38b), and (2.3.38¢) along with (3.3.9),

we get the following expression for the coefficient of TMR:

82

Hgi

2+ <7> (2k+1)) <7>?

This formula for the coeflicient of TMR is valid in both parabolic and non-parabolic

m3c?

L2 4 ] 3 f I 2 2.2
EE+E+1) <7 >_(L(L+2)) <T >}' (3.3.10)

band models. In the following sections we will analyze this formula in the two band

models.

3.3.1 The coefficient of transverse magnetoresistance (CTMR)
in HDNS with parabolic density of states

As we have previously mentioned, in the rigid band approximation the quantum density
of states in a heavily doped silicon retains the square-root dependence on energy that
describes the quasi free electrons in the coduction band for intrinsic silicon. Therefore,
for the parabolic £ - | i | velation, the density of states is given by Eq. (2.1.7). Following a

similar procedure as in section {3.2.1), we obtain the following expression for the CTMR:

b, = €7 (21:(k2+k+1) [ 28 fo(z) da ﬁz(a(uz)) [fiFeo 712 § (a;)da;f)_

mic? \ (k1) [T fo(x) de (2k+1)) [ g2 fo(a) da]’
(3.3.11¢a)
The normalized CTMR is given by:
. H, {2k k+ 1) [T fo(w)d 9 ( k(k +2) ) L[ 22 fo() da)
! e?ro2/(m2c?) (2k + 1) f+m 2? folz) da (2k + 1) f0+°° 22 fu(fb‘) d(t:]
(3.3.114)
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3.3.2 The coefficient of transverse magnetoresistance (CTMR)
in HDNS with non-parabolic density of states

To calculate the CTMR using the non-parabolic density of states, we shall evaluate

3 > in a manner similar to the one used in evaluating < 7 > and < 7% > for the

< T
calculation of Hall coefficient in section (3.2). Thus, we obtain the following expression

for < 72 > using the non-parabolic density of states:

1142
27‘3 \/ia 9'511/2 (3 3 12)
3 \ ksT do ' o

<'r3>:

where g is given by Eq.(3.1.20), and

’ 1 /+0-6m | Z % exp (22 + Y222 — )[0.319 — (0.906) exp(2Z)] "
11 = 1 dzZ -
277 Jow (1 +exp[y2ez —n)’
too  Z( ) exp [‘/_°Z — 7]
/ (12) iz, (3.3.13)
+0.601 (1 +exp [‘/5"2 - 7;])

On substituting Egs. (3.1.16), (3.2.7 ), and (3.3.12) into the general Eq. (3.3.10),

we may write the CTMR for a heavily doped n-type silicon having band tails in the

conduction band in the following form:
B+k+D)%e (kE+2)\ o2
k(R + k4 1) (__(_iJ) Wi _ (3.3.14)

H, — e? ’]"0 \/—0’
T mie\ kT (2k+1) s (2k+ 1)/ s’

Finally the normalized dimensionless CT'MR. is given by:

po (Voo ek b k1) Yu _(k(k+2))2 | (33.15)
r2 — \ T @k+1) s \(2k+1)/) 357




4 Numerical Calculation of Transport Coefficients and
Discussion of Results

In this section, we shall first discuss the procedure to compute the drift mobility, the Hall
coeflicient, and the coeflicient of magnetoresistace numerically as a function of doping
density Ny in an n-type Si in the impurity concentration range from approximately 1 10'®
to 2 x 10*em™3. When the doping density N, exceeds the effective level density N, at
the lower edge of the conduction band, the Fermi level moves from the band gap into the
conduction band. In such a case one has to use Fermi-Dirac distribution function for the
cartiers.

This requires the knowledge of the Fermi energy as a function of carrier concentration.
Therefore, we have to calculate the position of the Fermi energy Ef relative to the shifted
parabolic conduction band edge &, using the parabolic as well as the non-parabolic density
of states in a heavily doped n-type silicon. The relative position of £ is determined by
equating the density of the occupied states in the conduction band n to the doping

concentration Ny as we did in section (2.1.2).

*3/2 95/4 .3/2

Mn
n = j\fd = 733
7 h

¢0: (41)

where g from (2.1.20) is given by:

dZ

oo L /+°-ﬁf’1 exp (—22)[0.319 — (0.906) exp (22)]
oo (14 exp [1.4939 n2/ 22 — q])
f+oo ZU(] — (_1_;?)
+o.601 (1 + exp [1.4939 ni/ 2 — )

In the given range of doping concentration from 1 x10®em =2 to 2x10*°ern =3, we increased

i
Am2

dZ, (4.2)

3, Now since

1 continuously in certain steps starting from 1 x 10'® up to 2 x 10%° em™
Fermi energy is very sensitive to doping and temperature of semiconductors, its value is
different at different doping densities at a given temperature.

As can be seen from Eq. (4.1), it is not possible to calculate the Fermi energy from
this relation for a given value of electron density n. Consequently, we cannot calculate
the yi,,, R, and H, for given values of n. However, the reverse is possible, i.e., one can

calculate the electron density n using the parabolic as well as the non-parabolic density

of states for various values of Fermi energy numerically using the following procedure.
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For the given value of n, the left hand side (LHS) of Eq. (4.1), we choose an arbitrary
value of the normalized Fermi-energy 5 as a first approximation and then calculate the
right hand side (RIIS) of Bq. (4.1). Then we change the value of 7 slightly from its
previous value, and we call this value of 7 as second approximation, and again calculate
the RHS of Eq. (4.1) and then compare it with the given value n. Now if this value is
closer to the given value of n than the previous one, we continue to vary n in the same
direction until the value of the integral on the RHS of Eq. (4.1) and the given value of
n match. If the second approximation of 5 gives a value of the RHS of Eq. (4.1) which
is further away from the given value of n, we choose the second value of 5 in opposite
direction and continue to change 5 till we match the two sides of Eq. (4.1). That value
of n for which both sides of Eq. (4.1) are equal is taken as the actual value of 7 which
corresponds to the given values of n. Following this procedure, we have calculated the
variation of the normalized Fermi-energy with the normalized electron concentration (n,,)
and the result is plotted in Fig. (5).

For the purpose of numerical calculations, it is convenient to express the the electron

density n as a dimensionless quantity by normalizing it with 10 ¢m™2 as:

I\rd
10%¢m—3"

We can now use Eq. (4.5) to obtain the value of the dimensionless Fermi-energy 5 for a

Ny = (4.3)
given value of n by using the procedure mentioned above.

For the numerical calculation we have used the following values:

m, = 1.18my,
eq = 11.7. (4.4)

To evaluate the normalized EDM, HC, and CTMR in the non-parabolic band model we
will use Eqgs. (3.1.21), (3.2.9) and (3.3.15), respectively. For the numerical calculations
these equations can be simplified by substituting the numerical values of the various
parameters given before. Thus, the simplified expression for the normalized transport
coefficients of in the heavily doped n-type silicon with non-parabolic DOS are given by:

fin = (6.9992273)n,, 3¢ %%_ (4.5)

0
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r = —(0.8685184) n* Yo ‘[,j‘, (4.6)
— I 1p12_1 _ & ﬁ 15/12
he = | (51.840291) (36.953728) 2L, | n1o/12, (4.7)
¥s s
where 1 is given by Eq.(4.2), and
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d ~oo (14 exp{(1.4939) n$ z 7}])2
exp ((1.4939) n®1D z _ 2% 424
+oo Z3(1 - hss) exp [(1.4939) nl 1D 2 — 4] - s
(5/12) 2 “e (48)
10601 (1 4 exp[(1.4939)ny" 7 Z — n})
FOS0L - Z4[0.319 — 0.906 exp(2Z
Py = (0.282) f 2703 %0 82’( )l - x
{14 exp[(1.4939) n2Z —q])
exp ((1.4939)n® Z — 5 — 22) d24
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too Z3(1 — vy ) exp [(1.4939)ni% Z — g]
/ (42) s ——dZ, (4.9)
0801 (] + exp [(1.4939)n7 Z — 5])
0001 | 2|3 exp[(1.4939) ni Z — 1 — 22][0.319 — (0.906) exp(22
by = 0 [ L2 Q)82 -0 = 2000~ 0000 w22
—¢o (1 +exp[(1.4939) ny/ " Z — 1)
too Z8(1 — ) exp [(1.4939) n;i% Z—1]
[ (12) - —dZ, (4.10)
HOSOL (]t exp [(1.4939) nd* Z — p))

As we can see from the above equations once the value of 5 is known, one can easily
calculate by, 1,[7%, thy, and y and thus pu,, r, and f; can be calculated as a function of
Ny.

We have also performed the corresponding calculations based on a simple degener-
ate parabolic model for the sake of comparison with our calculations. In a degenerate

parabolic band the electron concentration n is given by [14]:

n = N Fi(n), (4.11)
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where N, = 3.2x 10" em™ for n-type Si at T' = 300° K and 7 is the dimensionless effective
Fermi-energy. For a given value of n and T" one can easily calculate  using relation {1.11)
in a similar procedure used for the non-parabolic case and the corresponding values of n,
and 7 are plotted in Fig. (5) along with the corresponding values calculated based on the
degenerate non-parabolic band. The corresponding expressions for y,, 7, and kb, based on

the simple parabolic band model are given by:

fove] 22 .
I Tyt
1

o = (7.69782) ) (4.12)
foo 2 l .
0 Tdexplz—n) ex
+oo % +00 %
el G Trexplo—n)
r = —(0.6487398) J l+mp(ioo]) ; 0o IF ‘2p( n) ’ (4.13)
[ [ T+exp(x—n) d{b’]
400 5 +co % :
— dy — dr
hy = (31.098028)f O teRlem)  _(94.938838) | ot torRle) L (414)
fO 14exp(z—n) aw 0 1+exp{z—n} de

and the variation of the normalized Fermi energy, EDM, HC, and CTMR with doping
concentration are shown in Figs. (5), (6), (7), and (8), respectively.

In Fig.(5), we have plotted the normalized Fermi-energy n at 300° K, calculated using
the parabolic density of states (solid line) and the non-parabolic density of states (broken
line) as a function of the normalized carrier concentration n, in the impurity concentration
range from 1 x 10™® to 2 x 10*%cm™ in n-type Si. The positions of the Fermi-energy
have been evaluated relative to the parabolic conduction band edge. As one can see
from Fig. (5), the normalized Fermi energy increases with increasing normalized doping
concentration for both cases. From the comparision of the two curves, we see that the value
of 5 calculated from a non-parabolic density of states almost coincides with that calculated
from a parabolic density of states for impurity concentrations approximately below 1x10'®

em ™3,

This may be attributed to the fact that, below this doping concentration the
conduction band is only slightly distorted from the parabolic shape, and thus the total
density of states in the conduction band can be approximated by the ordinary parabolic
density of states. Therefore, one can neglect the effect of band tails. However, for doping
concentrations above 1 x 10™ cm?, the value of n calculated using the parabolic density

of states, at a given doping concentration is always greater than the corresponding value

calculated from a non-parabolic density of states. moreover as, as can be seen from Fig.(5),
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the deviation between the two curves increases as n, increases. From our calculations it
is observed that using the non-parabolic density of slates reduces the magnitude of the
normalized Fermi-energy by as much as 37% from the corresponding value calculated by
using the parabolic density of states at the doping concentration 2 x 10%¢ em(~)

In Fig. (6), we plot the normalized electron drift mobility s, calculated using the
parabolic as well as the non-parabolic density of states as a function of the normalized
doping concentration n, in the doping concentration range from 1 x 10'® to 2 x 10%°cm ™
in n-type silicon. From Fig.(6), we note that the value of i, calculated from a non-
parabolic density of states near the impurity concentration approximately 1 x 10®em ™3
almost coincides with that calculated from a parabolic density of states. Since, below this
doping concentration, the values of 5 obtained from these two calculations are remarkably
close, the parabolic density of states is valid in this range of doping concentration, and
thus one can neglect the effect of band tails in the calculation of the EDM. However,
as can be seen from Fig.(6), above this doping concentration the normalized electron
drift mobility obtained using the non-parabolic density of states (Broken line+) shows
substantial deviation from that obtained using the parabolic density of states (solid line).
The value of p,, calculated using the parabolic deunsity of states increases almost linearly
with increasing n,, where as that obtained from the non-parabolic density of states first
decreases rapidly with increasing n, in the doping concentration range approximately
from 1 x 10" to 4 x 10" ¢m~> |, and it is seen that at the doping concentration nearly
equal to 4 x 10'° it reaches a minimum value and then begins to increase slowly with
increasing doping concentrations for all doping concentrations above this value.

From our calculations, it is seen that the deviation of g, calculated using the non-
parabolic density of states from that obtained using the parabolic density of states in-
creases with increasing n, and the value of the normalized electron drift mobility calcu-
lated using the non-parabolic density of states is found to yield as high as 59% deviation
from that calculated using the parabolic density of states at the doping concentration
2 x 10%° ¢m(=3). Therefore, as a result of this, at. higher impurity concentrations, approx-
imately greater than 1 x 10!%, the parabolic density of states is no longer valid, and thus
one must use the non-parabolic density of states which takes into account the band tails

to describe a highly distorted semiconductor.
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In Fig.(7), we plot the normalized Hall coefficient  calculated using the parabolic
density of states (solid line) and the non-parabolic density of states {doted line) as a
function of the normalized doping concentration n, in the range of doping concentration
from 1 x 10 to 2 x 10%cm™3 in n-type silicon. For electrons we have assumed that the
Hall coefficient is negative. As shown in Fig. (7), the value of r calculated using the non-
parabolic density of states is very nearly the same as that calculated using the parabolic
density of states for impurity concentrations approximately below 1x10*8em =3, Therefore,
for all doping concentrations below 1 x 10'® ¢m™ the parabolic density of states is a good
approximation of the conduction band density of states and the effect of band tails can be
neglected in the quantum density of states. For the impurity concentrations above 1 x 10!®
em™3, the normalized Hall coefficient r calculated using the parabolic density of states is
seen to increase slowly with increasing normalized doping concentration. On the other
hand the value of the normalized Hall coefficient r calculated using the non-parabolic
density of states decreases slowly as the normalized doping concentration increases from
0.1 to 5, and it is seen that at the doping concentration nearly equal to 5 x 10%¢m ™
it reaches a minimum value. Above this doping concentration, however, it begins to
increase slowly with increasing normalized doping concentration n, in the range of doping
concentration in which our calculations are valid. Our results also show that the values
of the normalized Hall coeflicient calculated using the non-parabolic density of states are
reduced by 54% than those calculated using the parabolic density of states at the doping
concentration 6 x 10°° em ™. As a result, for all impurity concentrations, in which our
calculations are valid, the parabolic density of states is no longer valid and thus one must
use the non-parabolic density of states to take into account the effect of band tails.

In Fig.(8), we present a plot of the normalized coefficient of transverse magnetoresis-
tance A, calculated using the non-parabolic density of states (doted line) and the parabolic
density of states (solid line) in the doping range from 1 x 10'® to 2 x 102°cm ™2 in n-type
silicon. The values of the normalized coefficient of transverse magnetoresistance are so
close that lines drawn separately cannot be distinguished at the impurity concentration,

approximately equal to 1 x 10%cm ™3,

Consequently, the value of the normalized co-
efficient of transverse magnetoresistance (%) can be calculated with sufficient accuracy

using the parabolic density of states, without taking into account the density of states in




the band tail. This coincidence of the two models for impurity concentration of about
I x 10"¥em ™ also shows that the number of occupied states in the band tail is much less
than the total number of electrons, and thus one can neglect it. However in the impurity

® in which our caleulation is valid, it is

concentration range from 1 x 1018 to 2 x 10¥%cm~
seen that the deviation between the values of f; obtained from the two models increases
with increasing normalized doping concentration, n,. The values of the normalized co-
efficient of transverse magnetoresistance calculated using the parabolic density of states
increases smoothly (slowly) with increasing normalized doping concentration n, in the
range of impurity concentration in which our calculations are valid. The results of our
calculations also show that, the values of h; obtained from the non-parabolic density of
states decreases slowly as n, increases from 0.1 to 1.0, and at the normalized doping con-
centration approximately equal to 1 x 10%cm ™2, it is seen that, A; reaches its minimum
value, and then 1t begins fo increase slowly with increasing doping concentrations. From
the results of our calculations we have observed that the difference between the two cal-
culations can be as high as 24%, i.e., taking into account the band tails in the quantum

density of states reduces the value of A, calculated using the parabolic density of states by

24% at the doping concentration 2 x 10% em=2. Therefore, in calculating the normalized

3

coefficient of magnetoresistance at all impurity concentrations greater than 1 x 10%¥em 3,

the parabolic density of states is no longer valid, and thus one must use the non-parabolic

density of states which takes into account the band tail density of states.




5 Summary and Conclusion

In this thesis the three most important transport coefficients, i.e., the clectron drift mo-
bility, the Hall coefficient, and the coeflicient of transverse magnetoresistance have been
studied using the parabolic and non-parabolic density of states in heavily doped n-type
silicon. The Boltzmann transport equation has been solved to calculate the anisotropic
part of the deformed distribution function of the degenerate electron gas. We have used
ellipsoids of revolution for the constant energy surfaces in k-space to account for the
anisotropy of the crystal structure.

The non-parabolicity of the energy bands was taken into consideration by using Slot-
boom’s approximation for the general expression of the quantwum density of states in
heavily doped semiconductors given by Kane.

Moreover, at higher doping concentrations, ionized impurity scattering was assumed
to be the dominant scattering mechanism and the relaxation time was assumed to be
dependent only on the energy.

Taking all these assumptions into consideration, we have derived general expressions
for the conductivity coefficients valid for both parabolic and non-parabolic density of
states, taking into account both the anisotropy of the crystal structure and the non-
parabolicity of the energy bands.

These conductivity coefficients have been used to derive general expressions for the
above mentioned transport coefficients for the first time that takes into account the band
tails in the density of states of both the conduction and valance bands.

Iinally, the normalized transport coefficients, i.e., g, r, h; have been calculated nu-
merically by using both the parabolic and non-parabolic density of states in the doping
concentration range from 1 x 10'® to 2 x 10* em ™2 at 300° K.

On the basis of our calculations it is concluded that the total number of occupied
states in the band tail is small compared with the total number of electrons occupying
the parabolic portion of the conduction band at all doping concentrations approximately
below 1 x 108 em 3, and as a result, one can neglect the effect of band tail states in
the quantumn density of states and apply the usual classical parabolic quantum density of
states.

However, for doping concentrations above 1 x 10'® e ™3, the deviation between the
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values of the normalized transport coeflicients calculated by using the parabolic and non-
parabolic densily of states increases with increasing n,. The calculation of n, p,, 7, and
h; by using the non-parabolic density of states are found to reduce the corresponding
values obtained by using the parabolic density of states as much as 37%, 59%, 54%, and
24%, respectively. This means that, at higher doping concentrations, taking the band
tails into account in heavily doped semiconductors significantly changes the values of the
electron drift mobility, the Hall coefficient, and the coefficient of transverse magnetoresis-
tance. Therefore, it is very important to take into account the effect of band tails in the

calculation of any transport coefficient in heavily doped semiconductors.




