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Abstract

In this work electron transport in silicon carbide (SiC) system were considered.
The calculations are done based on Density Functional Theory (DFT) which adopt
a use of the generalized gradient approximation (GGA) in PBE. An abinit code
based on the DFT is applied. From the calculations, we obtained optimum values
of lattice constant (parameters), bulk modulus, cut-off energy, and different en-
ergies (surface energy, cohesive energy, vacancy energy) of silicon carbide. These
results are reported using a step-by-step approach and compared with other ex-
primental values. Analysis based on bandstructure, density of state, projected
density of state, work-function, and optical properties are also presented. The op-
tical property has a direct relationship with the distribution of crystal bandgap
and electronic density of state. The Monte Carlo method takes into account band
structure model to investigate electron transport.

Keyword: Silicon Caribide (SiC), DFT, GGA, ABINIT, MC, Electron transport,
bandstructure, DOS, PDOS, optical properity, and workfunction.
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Chapter 1

Introduction

1.1 Motivation and Backgroud of silicon carbide

Silicon carbide is a very promising semiconductor material for high temperature,
high frequency, and high power applications. The invention of silicon carbide (SiC)
goes back to 1893, when E.G. Acheson [1] Patented a method for making the pow-
der. It has been used as an abrasive and cutting tool until 1907, when the first
SiC light emitting diode (LED) was discovered by H.J.Round [2]. The difficulty
of crystal properties, and purity, to some extent, was solved by Lely’s methods,
in which SiC powder is evaporated at elevated temperature in graphite crucible,
and then sublimes on porous graphite wall inside the crucible, forming hexago-
nal platelets [3]. In 1978, Tairov, and Tsvetkov introduced the seeded sublimation
method, as physical vapor transport, to have better control the polytypes by spon-
taneous nucleation on the graphite walls. Nowadays, 4H-SiC and 6H-SiC Wafers of
several inches in diameter are available commercially by modified physical vapor
transport, several groups world wide have the ability of making high quality SiC
Wafers [4]-[6] and steps controlled epitaxy [6].

1.2 Crystal structure for SiC

Silicon carbide is a wide band-gap semiconductor with high breaking voltage and
high saturation electron drift velocity (v4). It is the only semiconductor material
that exhibits a wide range polytypes. Silicon carbide has over 200 different poly-
types, different possible stacking arrangements. One of the most useful forms of
Silicon carbide is 3C-SiC, or (-SiC, being the only silicon carbide polytype hav-
ing the diamond-like Zinc-blend Structure and also it has B3-structure. Among
all SiC polytypes 3C-SiC, 4H-SiC and 6H-SiC polytypes are attracting more at-
tention because of the favorable electronic properties. It composed of carbon and
silicon in a stoichiometric ratio of 1:1. Each atom is bonded to four atoms of the
other elements. They all have common building blocks: the Si-C tetrahedron [7].
Silicon: Silicon has 14 electrons. Ten of them will be found in the 1s,2s and 2p
orbitals close to the nucleus, the next two going into the 3s orbital. The remaining
ones will be in two separate 3p orbitals. The electronic structure of silicon is writ-
ten in the form 1s%2522p%3s23p® . Because of this configuration, Si atoms most
frequently establish sp® bonds (hybridization of a s orbital and three p orbitals)
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leading to tetrahedrally coordinated phases [8].

Carbon: Carbon has six electrons. Two of them will be found in the 1s orbital
close to the nucleus forming a compact core, the next two going into the 2s orbital.
The remaining ones will be in two separate 2p orbitals. The electronic structure
of carbon is normally written 1522s22p?. Hence, of this configuration, C atoms
frequntily estabilish sp® bonds hybridization in cubic diamond carbon.

1.3 Importances of silicon carbide

The advantages of the three most stable SiC polytypes brought a boost and
stronger interest for electrical devices in high-temperature, high-power and high-
voltage applications such as: computer and cell-phones industry, motor and trac-
tion control, smart power grid, electrical vehicles, power converters for renewable
energies, energy storage, naval power system, solar cells, medical and biotechnol-
ogy, harsh environment sensors [9]. SiC material is also known as a biocompatible
material that can be used for biochemical or medical sensors. It has been reported
the use of SiC material as hard coating for numerous biomedical applications: non-
fouling coatings on coronary heart stents and/or a passivation layer for prosthetic
bone implants [10]. Moreover, SiC material found its use as nuclear fuel particle
coatings in Nuclear Power Plants. It is thus increasingly clear that SiC electronic
systems will dominate the new energy and electron transport technologies of
the 21st century. Many different polytypes have been identified so far [11], but
only 3C, and the hexagonal 4H, and 6H have the most technological importance.
Although the chemical compound and the building block of all the polytypes are
the same Si-C tetrahedron, their stacking sequences are varied. Crystal structural
model for SiC is showing as follows:

Figure 1.1: Crystal structural model for SiC (zinc blende SiC) by (xcrysden) in
this work.

This crystal structure belongs to cubic-SiC or zinc-blende. The cubic SiC phase
belongs to the space group Fd3m with crystalline structure of zincblende B3 bi-
layer [12], that is face-centered cubic lattice with two atoms at the basis, with one

3
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Si atom at the position 0, 0, 0 and the carbon atom at the position 1/4, 1/4, 1/4.
This structure is considring in this work why because of all the preformances in
SiC are more related.

1.4 Physical properties of silicon carbide (SiC)

The electronic properties of SiC differ for different polytypes. Almost all high
temperature, high electric, and high frequency advantages of SiC devices are as
the result of its wide band gap. The high electric field enables the device to with
stand high breakdown voltage, as well. Therefore, the devices can be fabricated
smaller for the same breakdown voltage, and the smaller the devices can be fab-
ricated, the faster they can operate. In generally, Silicon Carbide Properties are
Low density, High strength, Low thermal expansion, High thermal conductivity,
High hardness, High elastic modulus, Excellent thermal shock resistance, Superior
chemical inertness.

1.5 Application of silicon carbide (SiC)

There are many applications of silicon carbide, such as slide bearings, sealing rings,
wear parts, sintering aids, heating elements, burner nozzles, heat exchangers [13].

1.6 Optical application of silicon carbide

Most of optical application of silicon-carbide are:[14]

. Materials engineered specifically for optical systems: in these case, Silicon carbide
optical systems are engineered to exhibit low complexity, low mass, and a thermal
designs, thereby providing enhanced system performance and reliability.

. Our SiC materials are ideally suited for mirrors and structural components for
ground or space-based optical systems.

. CVD silicon carbide: is chemical vapor deposited, ultra high purity material used
for mirrors or as an optical cladding for UltraSiC material.

. High-precision manufacturing: CoorsTek high-precision silicon carbide compo-
nents feature wave front errors and surface roughness equal to or better than
traditional substrates.

1.7 Conductivity of silicon carbide (SiC)

The high thermal conductivity allows high power density [13]. The high thermal
conductivity makes SiC a better thermal conductor. Heat will flow more readily
through SiC than Si material. This property enables SiC devices to operate at
extremely high power levels and still dissipate the large amount of excess heat.
Power losses are substantially reduced since SiC-based devices have high blocking
voltage, and high operating temperatures as compared with silicon-based devices.
SiC high-temperature devices, high-power, and high-frequency devices have wide
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spectrum of applications from automotive engine sensors, jet engine ignition sys-
tems, transmitters for deep well drilling, to power supplies [5], and microwave
transmitters [15, 16].

1.8 Silicon Carbide (SiC) Mobility

Among the different polytypes of SiC, the cubic phase shows a high electron mobil-
ity and the highest break-down field as well as saturation drift velocity [17, 18, 19].
Thus, the cubic phase is most effective for highly efficient high-performance elec-
tronic devices. A large number of traps become filled during the inversion causing
the coulomb scattering of mobile charges and decreasing the mobility. The density
of states (DOS) for the traps near the edge of the conduction band is so large, that
they become comparable to the conduction band density of states (DOS) for elec-
trons. This implies that a conduction band electron will have similar probabilities
of occupying a conduction band trap or a conduction band state [20].

1.9 Electrical resistivity

Electrical resistivity, also known as volume resistivity, is the property which ex-
plains how difficult it is for electricity to pass through a material. Ceramics in
general have high electrical resistivity. Therefore, they are commonly used as
insulation materials. Some ceramics have electro conductive properties, such as
SiC [21]. In this paper, we studied electron transport in silicon carbide system.
We determined equilibirum lattice parameters, bulk modulus, k-points, cut-off en-
ergy and also calculated the energies, bandgap energies, bandsturctures, density of
states (DOS) and projected density of state (PDOS), optical properties of silicon-
carbide (SiC) and lastly workfunction of bulk SiC with in density functional theory
and Monte Carlo transport simulator to supplement the result. The first-principles
calculations were performed by using pseudopotential plane-waves approach and
implemented in the ABINIT code and a GGA exchange-correlation within PBE
is used.

1.10 Paper Organization

This paper is organized as follows. In chapter one, the introduction of SiC in
general, physical property of SiC and application of SiC were considered. In chap-
ter two, what we present DFT and MC methods as applied to study of electron
transport in cubic SiC or zinc blende. In chapter 3, the result and discussion were
presented and chapter 4 contains the conculsion part of the studies.



Chapter 2

Methods

2.1 Density Functional Theory(DFT)

2.1.1 Introduction

Density Functional Theory (DFT) is a computational quantum mechanical mod-
eling method which can be used to investigate the structure and properties of
atoms and molecules. Density functional theory allows investigators to make ex-
tremely complex many-body quantum mechanical system more tractable. Density
functional theory is based on solving the Kohn-Sham equation for which a No-
ble Prize was awarded to Kohn in 1998. Since the roots of Kohn-Sham equation
were formed on quantum mechanics. The story begins with the complexities of
solving Schrodinger equation, which is the backbone of the quantum formulation.
In case, Born-Oppenheimer approximation separates the mere nuclear from the
electron parts. Although the electrons are still depends on the nuclear positions.
Hartree manage the electron-electron correlation by reducing the many-electron
wave function to single-electron ones. Hartree-Fock deals with the negligence of
Hartree approximation by introducing the Slater determinant, which represents
Pauli’s exclusion principle [22]. Density functional theory is centered on the den-
sity of the electron instead of the wave function. Finally, Kohn-Sham formalism
which is formally based on the electron density separates the parts of the electron-
electron connection which can be calculated from those which cannot and ignore
the latter part in the first step. Kohn-Sham genius idea in making approxima-
tions for their "ignorance” part which is called Exchange-Correlation, gained for
Kohn the Noble Prize. The exchange-correlation was treated in the Generalized
Gradient Approximation (GGA), as parameterized by Perdew, Burke, and Ernze-
hof (PBE). GGA using the Perdew-Burke-Ernzerh [23] at the Kohn-Sham DFT
level. The DFT calculations are performed by using the ABINIT code [24] which
is based on the plane-wave basis set.

2.1.2 Many-Body Schrodinger Equation

Quantum mechanics is a mathematical tool for predicting the behaviors of micro-
scopic particles. The results of quantum formalism cover wide range of phenomena.
In fact, one of the advantages of quantum mechanical calculations is its ability to
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predict the total energy of a system of electrons and nuclei. Hence, electronic
and geometric structure of solids can be predicted by total energy calculations
and the relevant minimizations with respect to the electronic and nuclear coordi-
nates. The properties of a non-relativistic, many-body quantum system are formu-
lated in many-body Schrodinger equation. The simplest form of time-independent
Schrodinger equation is

HU(ry,19..10, Ry, Ro...Rim) = EU(ry, 19, .15, Ry, Ry, ... Ruy) (2.1)

The Hamiltonian of a system of electrons and nuclei is given by

H = H, + Hy (2.2)

Hamiltonian operator in ab-initio case.

—ZIe
TR
FLZVI ZIZJe
9 Z Z OM; | 2 Z IRy (2.3)

i#] "
The above Hamiltonian can be written in the followmg form:

I:—, = Te + VN—e + \A/ve—e + TN + \A/N—N (24)

Where h the Plank constant, e is the electron charge, Z is the nuclei charge, m,
and M are mass of electron and nuclei respectively.

The first term is the electronic kinetic energy, the second term is electron-nuclei
Coulomb attraction, the third term is the electron-electron repulsion, the fourth
term is the nuclear kinetic energy and the last term is nuclei-nuclei repulsion.

2.1.3 Born Oppenheimer approximation

The electronic wave function depends upon the nuclear positions but not upon
their velocities. The nuclear motion (such as rotation, vibration) feels the potential
of fast-moving electrons[25]. The idea is to consider the wave functions of the
couple system of nuclei and electrons as a combination of a complete set of states
for electron at each nuclear position and the states of coupled electron-nuclear
system; the latter ones are the functions of nuclear coordinates

U(ry,r2, .18, R, Ra, oo, Rag) = 3 U(ry, 12, .5, Ry, Ra, . Ru) (R, - Ru)

V(B = 3w (BDo(R)) (25

Where ¢(R) is a nuclear wave function and W({r},{R}) is electronic wave
functions that depend parametrically on the nuclear positions.
Hamiltonian operator:

~

H = H.+ Hy (2.6)
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Hamiltonian operator in electron:
He =T+ Ue ol {71 + Ve n({(7}, ({BY) (2.7)
Hamiltonian operator in nuclear:

Ay = Tx + Uy x({R}) (2.8)

With Hamiltonian operator of electorn, wave function:
AY{7YARY) = Bo((7). {B)) (2.9
= Eo({7}{T}) (2.10
AxU({7}{R}) = ino({ 71 {RY) .11
= Ex0({7} {R}) (2.12

The total energy of the system is calculated by;
E=FE,+Eyx (2.13)

Where E, total electronic energy and Ey total nuclear energy.
The force on the electron and nuclei are obtained according to:

F, = —Vi(¥[H|T)

iR ) AT ]
= —(¥ v — 2.14
WaF M ey o, (214

Upon geometry optimizations, the forces are minimized until effectively F; — 0
and F1 — 0. When this happens, the ground state condition is said to be achieved
and this corresponds to the state of the system with minimum energy. As an ex-
ample, with the different approaches used in the different approximations of the
interaction potentials, different convergence speeds and accuracies are seen.

That are Car-Parrinello Method (1985) states that [26]: Simultanecous solution of
Kohn-Sham equations for electrons and Newton’s equations for nuclei. Iterative
update of wavefunctions, instead of diagonalization. Trace over occupied subspace
to get total quantities (energy, forces, density) instead of eigenfunction calcula-
tions. Feasible due to simplicity of the plane wave pseudopotential method [27, 28].

2.1.4 Hohenberg-Kohn theorems

In 1964, Hohenberg and Kohn formulated and proved a theorem that established
the density functional theory as a theory of many-body system. The theorem is
proven for every system of non-interacting particles which has the Hamiltonian
consisting of the electronic kinetic energy, external potential, and the electron-
electron potential [29]

The theorem is divided into two parts:

Theorem I: The external potential is a unique functional of the electron density
only. Thus the Hamiltonian, and hence all ground state properties, are determined

8
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by the electron density as follows.
Hamiltonians opprators in Hohenberg-Kohn (HK):

H=T4 Vi + Vex (2.15)

Above equation can be experssed as:
: h2ZV2+1Z ¢ + ) V(1) (2.16)
= — F+ = S (T3 :
2m - ! 2#], |1 — 1] - ext

H =T+ Vie + Ve (2.17)

These two potentials equations are the part of two different Hamiltonians which
their only difference is in the external potential.

Theorem II: The ground state energy obtained variationally: the density that
minimizes the total energy is the exact ground-state density. Then the ground
state energy could be written as the functional of the ground state electron density:

Eo[po] = Tpo] + Eee[po] + Ene[po] (2.18)

where from equation 2.18,

T[pO] + Eee[pO] = FHF (219)

Equation 2.19 is called the universal functional.
Hohenberg and Kohn approach follows from abstract formulation of expressing the
Hamiltonian in eqn. (4), in terms of the electron density in 1964 by Hohenberg
and Kohn [29]. That is,

H = H[n(7)]

= T[n(7)] + Ue—e[n(7)] + Ueen[n(=)] + Un_x[n(7)] (2:20)

N = / (2.21)

where N is mean electron number;
n(7) is mean electron density.
(WHW) _ (]H]y)
E = EnT7)] = = (2.22)
(W]w) (¥[¢)
Where E is the total energy of electron density.
According to the proposal, F can also be seen as

Eln()) = Fin(P)) + [Wen(PR{BED@)N7) 22

Fln(7)] = Te[n(7)] + Ue—e[n(7)] (2.24)

Equation (24) is called universal function and has the same value regardless of the
system as long as N remains same and

Ve nln(7)] = / (Ve ({7 (RDn(7)a7) (2.25)

9
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2.1.5 Kohn-Sham equations
As a result, Walter Kohn and Luis Sham have proposed ways of explicitly ex-

pressing these functionals in terms of the electron density as follows [27, 29, 30].
Correspondingly, the Hamiltonian operator of a single electron is given as

N —ﬁQV?
ks — om. : + vks<7>n(?)) (2'26)

with A
H (7)) = B y(7) (2.27)

where ¢ =1,2,....N|
N

n(7) = 10(7) (2.28)

=1

E; = <\I/i|ﬂks|‘l’i> (2.29)
where Fj; is energy of the electron or is energy of the i‘" electron.
w7 ) = oV Gy v (R P
Ei=E[7,n(7)] = (; o Ui) 4+ (U] Vis (7, 0(7))|05) (2.30)
= Tis + Uis(7, (7)) (2.31)

The total electron energy for the system is

E.=) Ei. (2.32)

E.= Z@i%\m 3 V(7 (7)) (2.33)
= T.[n(7)] + Ueat[n(7)] (2.34)
Uatla(P)] = [ Via( P07 )77 2.35)

where U,y is the effective potential energy with the Kohn-Sham model. Here
Uetln(7)] = Un[n(7)] + U [0(7)] + Exe[n(7)] (2.36)

where Us[n(7)] -is the classical coulomb interaction potential energy between
electrons, and

U._n[n(7)] -is the interaction energy between electrons and nuclei,

which some times also may be represented as Un[n(7)].

E,. -is the exchange correlation energy and is equal to the sum of the error made
in using non-interacting kinetic energy and the error made in treating the electron-
electron interaction classically (i.e arising due to quantum natures of electrons).
With this the potenial is given as

Vis = Viel(7,0(7))] = Va7, 0(7)] 4+ Ve[ 7] + Ve[ 7] (2.37)
Hamiltonian of an electron is

Hy = Tie + Vi (2.38)

10
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From this, applying Schrodinger equation for the single electron, Corresponding
Kohn-Sham equation R
HyW; = E;®; (2.39)
with
E€xc = <\Di‘vxc|qji> (240)
is being an exchange-correlation energy per electron, the total exchange-correlation
energy for all electrons, F,., can be given as:

ng:Emm(?n:i/\ggﬁgm?nm7naﬁ (2.41)
Correspondingly also, Total Hatree potential

%:%Mﬂb/wﬁﬂﬂMﬂﬁ? (2.42)
and total electron-nuclei interaction energy,

Ui = Ve fn(P)) = [ Vees[PIn(7)d7 (2.43)

where Uy and U,_y are the classical coulomb potential energy (Hatree potential
energy) and the total potential energy of interaction between electrons and nuclei,
respectively. The total electron-electron interaction potential energy U,_. is thus
seen as:

Uee = Ue_e[n(7)] = Unn(7)] + Exe[n(7)] (2.44)

The total energy E of the system of N electrons and M nuclei is thus given as the
sum of the electronic term and nuclear term,

ie F=F,+Ex .

The force on each electron is given according to:

F = =V (W[H[W) = — (0| V3 Vi [ W)

aI:Iks‘ I:Iks| 8<\Ij1’
E—\Ifi \Iji - \I]i \Iji 2.4
L (2:45)

2.1.6 Exchange-correlation energy

Beginning with the Thomas-Fermi model [30, 31] to describe the form of elec-
tron density for a uniform electron gas (i. e. assumed as homogeneous and non-
interacting), the first approximation for these quantities is made and practically
implemented in 1965 by W. Kohn and L. Sham [30]. Ever since, this approach of
estimating has been known, updated, and used as Local density approxima-
tion (LDA) in many density functional theory codes. The concept of uniform
electron gas is at the center of LDA. The uniform electron gas refers to electrons
moving in a positive charge distribution in a way that the system is electrically
neutral. Although LDA is based on a not realistic assumption of uniform electron
gas, its exchange-correlation functional is exactly calculated and this is the reason

11
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of its importance. The exchange-correlation of Kohn-Sham equation is defined as
the exchange potential for the spatially uniform electron gas with the same density
as the local electron density.

Generalized Gradient Approximation (GGA): the exchange-correlation en-
ergy does not include the non-local contributions resulted from the in-homogeneities
in the real electron density at a distance from the element.

EGGA = /d3eGGA(n(r),Vn(r)) (2.46)

T ~“XC

Total exchange-correlation energy
Ey = Een(7] = / Ve (7 )In(7)d7 (2.47)
and also, in an other exepression,

B — / exeflp, Volp(r)dr (2.48)

This equation depends only on the general feature of the real space construction
where (f) is a parameterized analytic function, and (V) is the gradient density
of the electrons. The equation above is only based on the systems of non-spin
electrons. If we consider the system containing electrons with different spins, the
system exhibits magnetism and is a straightforward spin polarized material. Now
the equation above will take the form of spin densities,

Eelpt,pl]l= / exeflp 1.0 L,V 1, Vp Lp(r)d’r (2.49)

2.1.7 Pseudopotentials

The pseudopotential plane wave is one of the most common methods used for
calculating the external potential of Kohn-Sham equation. The electron-nuclei
interaction term is set to be approximated. Since the potential energy for the elec-
trons in the vicinity of the nucleus diverges, the wave-functions fluctuate rapidly.
So, smoothing effect required. The advantage of using pseudopotential is approx-
imate the properties of core electrons in a way that could reduce the number of
plane waves in a calculation. In what is called Pseudopotential usage for the core
electrons [29] -[33]. Therefore; Pseudopotential have three significant motivations
behind the pseudopotential philosophy [34]

(1) it reduces the basic set size in the calculation,

(2) it decreases the number of electrons; and

(3) allows the possibility of including the relativistic effects in the whole estima-
tion. The real and pseudo wave function and potentials match above a certain
radius 7.. where ©pseudo is pseudowavefunction; g is all-electron wave function;
Viseudo 18 pseudopotetials; £ is all electron potential and r is cutoff radus.

12
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[ zn

Figure 2.1: Comparison of a wave function in the potential of the nucleus to the
one in the pseudopotential.

2.1.8 Equlibrium lattice constant(a;) and bulk modulus
(By) of SiC.

The total energy of a system varies with structure in a cubic crystal with a single
lattice parameter. i.e Changing the lattice parameter, changes the volume of the
unit cell, and the volume that minimizes the total energy gives the equilibrium
volume. The bulk modulus is closely related to the E(V) and it is proportional to
the curvature of the equation of state at the equilibrium volume:[35]-[37].

The third-order Birch-Murnaghan isothermal equation of state (eos) is given by

3By, Vo Vi 3 Vo

5 ()% = ()3 L+ 1 (Bo = [(57)° — 1} (2.50)

The bulk modulus and its derivative are usually obtained from fits to experimental
data and are defined as:

V)

P ’E

BO == —Vg—vl\/:vo == V%‘Vzvo (251)
where By- is the bulk modulus.It is anumerically sensetive quantity.
V- is the volume particles;
V,- is initial or groud state volume ;
P- is the pressure of particles; and
E(V) - is the energy of the particles with respect to volume function.
In an other way the derivative of the bulk modulus with respect to pressure,
evaluated at the equilibrium volume:

oB
Bl - <W)|V:VO (252)
o, 0°F
= 5 (Va)hv-v, (2.53)

where B1 is the derivative of the bulk modulus.

It is a third-order derivative of the energy(E) and hence describes effects that
are one order higher even than the bulk modulus. It is related to the volume-
dependence of the (V') curvature. B1 is therefore the most sensitive elastic quan-
tity. The results can then be compared to experiments and allowing the accuracy

13
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of the planewave pseudopotential method to be determined calculations. In this
work we use Birch-Murnaghan equation of state method of fitting to determine
the equlibrium lattice parameter of the SiC.

2.1.9 K-point sampling (kpts optimum).

In reciprocal space, the phases are nodes or points in the unit cell, which are de-
scribed by sampling the Brillouin zone (BZ). The BZ describes the unique region
of space closest to the G = 0 point onto which all other points can be mapped by
periodicity, therefore by sampling the BZ, the entirety of the bulk is sampled. The
change in energy when sampling k-points determines how many of them need to
be sampled, that is, an energy convergence test (or other property of interest) is
carried out using an increasing number of k-points. The need for k-points arises
directly from Bloch’s theorem, which states that in a periodic potential the wave-
functions have a periodic magnitude, but it says nothing about their phase (since
wavefunctions are complex they possess both a magnitude and a phase). Bloch’s
theorem which state that [38]

Yilr) =) Gy, GO (2.54)
G

A uniform mesh of k—points, valid for any crystal, generated by Monkhorst-Pack
procedure has the following form:

3

2n; — N; —1 8
Rzn n2n3 = — Gy 2.55
=3 2 2.5
where [V; is the number of k—points in each direction and n; =1,..., N; and G; is
the primitive vectors of the reciprocal lattice [39].

2.1.10 Plane wave cut-off energy (ecut optimum).

In this we have done by means of a convergence test (systematic convergence with
single parameter), in which we perform a series of calculations, using increasing
cut-off energy, and keeping the convergerice of the total energy towards its large
cut-off limit. For these purposes, we only need to use single k-point to sample the
Brillouin zone. This is because we are only seeking to determine a suitable cut-off
energy for convergence rather than a final result. However, we choose to give the
k-point of 400 eV as this is known to give a more accurate answer at no extra
computational expense. Practical implementations require a complete specifica-
tion of the single particle Bloch states, whose periodic part C; ; can be expressed

as [37, 38].
1

Ci(r) = Cix + GelGr 2.56
:k( ) \/m g k ( )
where
> [Clisel’ =1 (2.57)
G
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and G are reciprocal lattice vectors. Evaluating the kinetic energy part of the
eigenstate (i, k) gives

G
mazx 5 hQ

T=)> |Ck+Gl %(KJrG)Q (2.58)
G

Now, with the possibility of an infinite number of G vectors, such calculations for
all eigenstates (i, k) are not feasible. A common practice is thus to truncate the
G value to some Gpax < Gewr — k

Gmax
1

Oi7kr N Vv Vcell ;

Cix + Ge'@” (2.59)

From equation above (2.58), it can be seen that the kinetic energy T is less than
that of the cutoff energy E.. , that is:
h2
Eew = G2

27TL cut

(2.60)

2.1.11 Surface energy

The surface energy is related to the work needed to split an infinite crystal in two
semi-infinite crystals. It has a direct relation with the number and strength of the
bonds which are broken to create the surface and consequently, surface energies
for different facets of the same solid can differ [40, 41].

Mathematically it can be callculeted as

1 Nslab
:_Esa _
QA[ lab

Npuik
where Ny, - means Number of atoms per unit cell of the slab, and , Ny - means
number of atoms per unit cell of the bulk, while , Fg,, and Ey. - mean total
energy of the slab, and bulk unit cell, respectively and A is the specific surface
area of the employed slab model.

g X Ebulk] (261)

2.1.12 Cohesive energy

Cohesive energy is the energy that must be supplied to the solid to separate its
constituents into neutral free atoms at rest and at infinite separation with the
same electronic configuration.

The cohesive energy is also an important physical quantity that accounts for the
bond strength of a solid, which equals the energy needed to divide the solid into
isolated atoms by breaking all the bonds.

Cohesive energy is also a basic quantity for thermodynamics, by which almost
all thermodynamic properties of materials can derive. Consider the unit cell of N
atoms; the bulk cohesive energy E.on(00) per unit cell is [40, 42];

1
N{Eio1(00) = 3y Eio]
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where

Eiso is the energy of an isolated atoms, E.,, bulk cohesive energy, Ei.(00) is bulk
cohesive energy per unit cell

And also other expersion of cohesive energy as bulk are follows:

1
Ecoh = N[SEatom - Ebulk]

where
N is number of atom in unit cell, Eyyy is the total energy of bulk, Em is the
total energy of atom,

2.1.13 Work Function

The work function gives a measure of how tightly a particular materials holds
the electrons. Because any variation in the surface ionic and electronic charge
distribution gives changes in the work function, so it does any change in the
orientation, relaxations, reconstructions and absorbed molecules. Consequently
the work function is very important in the characterization of surfaces [43].

The Fermi energy, Er refers to the energy of the highest occupied electronic state
of the system. At ground level or 0 K and a perfect vacuum, the workfunction is
the energy difference betweenn the Fermi level and the vacuum level, which can
be written as

Y (2.62)

where ® is workfunction, ®, is vacuum energy, and ®; is fermi energy.

For a symmetric surface, the vacuum level FE, is defined as the converged elec-
trostatic poetential outside the slab surface. Due to the periodic condition, the
vacuum potential is taken as the halfway point of the vacuum slab above the sur-
face where the influence from the adjacent cell is minimum.

The adsorption energy of the reaction intermediates on the SiC surfaces is defined

as

Eas sla _N-Ea S_Esa
Eads _ ds+slab N d; lab (263)

where F,4s - is the total energy of the adsorbates, E,4sisap - i the total energy
of the adsorbate with the SiC surface slabs, Fg,1, - is the total energy of the cor-
responding contaminant free slabs, N - is the number of molecules on the surface.
The work function (in volts) of the metal, ¢y, and the semiconductor, ¢ - is the
energy required to remove an electron from the respective Fermi levels to vacuum.
Mathmatically it defined as:

¢s = X5+ Vn (2.64)

where Xj is the electron affinity, and Vy is the energy difference, between the con-
duction band and the Fermi level of the semiconductor relate to the work function.
where

KT N
Va = — In(—
q o ne

) (2.65)
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where n, is the density of electrons in the conduction band.

2.1.14 Computational Implementation

ABINIT: It is a software that allows one to perform first-principles calculations in
the framework of:

. Density-Functional Theory (DFT) — ground-state

. Many-Body Perturbation Theory (MBPT) — excited-states

. Density-Functional Perturbation Theory (DFPT):- in response to atomic dis-
placements, to static homogeneous electric field, and to strain perturbations.

. In Second-order derivatives of the energy, giving direct access to: dynamical
matrices at any ¢, phonon frequencies, force constants; phonon DOS, thermody-
namic properties (quasi-harmonic approximation); dielectric tensor, Born effective
charges; elastic constants, internalstrain; piezoelectric tensor.

ABINIT is capable in:

. Basis sets like, planewaves, projector augmented waves (PAW) and wavelets
(BIGDFT effort),

. Representation of atoms in: different PAW generators, many norm-conserving
pseudopotential types,

. Exchange-correlation functionals for DFT in: GGA, LDA, LDA+U (only with
PAW), + some advanced functionals (Meta-GGA, RPA) [24].

Abinit emphasizes on computing:- lattice constant, bulk modules and equilibrium
energies of solids. It also includes option to optimize the geometry according to
the DFT forces and stresses. Excited states can be computed within the many
body- body perturbation theory.

2.1.15 Optical property of SiC

With its character of wide band-gap, high breakdown critical field strength, high
electron mobility and strong ability to resist radiation and so on, SiC has a broad
prospect of application [44, 45]. The optical properties of semiconductor and its
basic optical function play an important role in the application of materials and
devices of semiconductor. The electron wave function is expanded in plane waves
up to a cutoff energy of 400 eV.

Dielectric function

In measuring optical properties, the frequency-dependent imaginary part of the
dielectric function 5((125) (w) was determined by the summation of empty states ac-
cording to the following equation:

B 47%e? 1

(2) . *
eag(w) ~q ¢ (I]ILI(I) Z 2w (e — €y — w) X (Uek + €u11) (2.66)

c,v,k

where ¢ and v refer to the conduction and valence band states, respectively, and
Uk is the cell periodic part of the wave functions at k-point k.
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The real and imaginary parts of the analytical dielectric function are connected
by the Kramers-Kronig relation as[45]

00 2 / /
1) B 2p g2 f(ww
5a5(w) =1+ ﬁ/o mdw/ (267)

where P denotes the principal value.
The refractive index and absorption coefficient are defined as:

(e RV (2.65)

a=1[2(1/e? + &2 +¢.)]

where n is refractive index e, €5 are dielectric constants and « absorption coeffi-
cents.

VI

(2.69)

Absorption

It is linearly related to the imaginary part of the macroscopic dielectric constant
(frequency dependant).

Le
E(x,t) = Ege'e Xt (2.70)
n=+e=n+ik (2.71)
€ =€ +ie (2.72)

Electron energy loss spectrocopy (EELS)

Electron energy loss spectroscopy (EELS) is the technique to measure the amount
of energy loss in an inelastic scattering event, when electrons pass through the
material [46]. Transmission electron microscopy (TEM) is the appropriate mi-
croscope for EELS since in order to have the projection image, electrons should
transport in the material [47]. EELS has been successfully used for the measure-
ment of electronic structure [48], optical properties, density and thickness of thin
film specimens.

Electron energy loss spectra (EELS) can be used to explore the plasmonic (collec-
tive electronic) excitations of an extended system. This is because the energy loss
of a fast electron passing by a material is defined by:

EFELS =Im

(0. 9) (2.73)

and the plasmon frequency w, is defined as when e(w) — 0. It means that an
external perturbation at this frequency, even infinitesimal, can generate large col-
lective electronic response.
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2.1.16 Electron transport simulation of SiC using DFT cal-
culated density of state (DOS)

The Monte Carlo method [49] takes into account scattering events and band struc-
ture model to investigate electron transport. Then the macroscopic mobility is
obtained from averaging the drift velocity with respect to external electric field.
The simplest approach, as described in [50] takes into account analytical formulas
for energy band structure and density of states(DOS). This approach is correct
only for very low energies and ideal crystalline structures. In [51, 52] it was pro-
posed to use simple equations of scattering rates and combine these formulas with
numerically calculated by the means of DF'T method DOS. The density of states
(DOS) of a system describes the number of states that could be occupied at each
energy level. A high DOS at a specific energy level means that there are many
states available for occupation. The density of states can be calculated from band
theory calculations. It is calculated either as a function of energy E or the wave
vector k [53]. The contribution of the eigenstate at £ = Ej to the total density
of states is 6(E — Ey) and therefore DOS(E) can be expressed as:

DOS(E) =Y 6(E — Ey) (2.74)

allEk

The local density of states d,(E) associated with the basis state |n) at energy E
is calculated by considering the weight factor for each energy contribution:

do(E) =Y [(n[9)[*5(E — Ex) (2.75)

all By,

In general, the total density of states is recovered by summing all local densities
of states:

DOS(E)=> dy(E)=) 6(E—-Ey) (2.76)

alnl allE

The normalization condition of the eigenstate is:

S Il =1 277

(lllEk

where d,(E) is the local density of states.

2.1.17 Electron transport simulation of SiC using DFT cal-
culated projected density of state (PDOS)

The projected density of states is the density of states due to small group of atoms
in the material. The projected density of states provides the contributions of each
atomic orbital in the structure. Therefore, the equation of PDOS over i gives the
spectral weight of orbital i, is:

pi(E) = S (W) (1 0,)3(E — Ey) (2.78)

n

where ) . |i)(i| = 1, this is orthonormal basis,
E, is the eigenvalue and |¥,), is the eigenstate.
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2.1.18 Bandgap energy

The bandgaps are retrieved in the band structure is calculated by DFT-GGA
(PBE) [51]. The band gap of silicon carbide in this work is almost 2.448 eV. Based
on the band structures, materials have either direct band gap or indirect band gap.
If the momentum of the lowest energy state in the conduction band and the highest
energy state of the valence band of a material are the same, the material has a
direct bandgap. If they are not the same, then the material has an indirect band
gap. For materials with a direct band gap, valence electrons can be directly excited
into the conduction band by a photon whose energy is larger than the bandgap.
In contrast, for materials with an indirect band gap, a photon and phonon must
both be involved in a transition from the valence band top to the conduction band
bottom. Therefore, direct bandgap materials tend to have stronger light emission
and absorption properties. Other things equal, direct bandgap materials tend to
be better for photovoltaics (PVs), light-emitting diodes (LEDs), and laser diodes;
however, indirect bandgap materials are frequently used in PVs and LEDs when
the materials have other favorable properties [54].

The band structure of semiconductors are the energies of one-particle excitations,
which is related to the difference between total energies of states differing by one
electron. In particular, the lowest conduction-band energy is given by:

E. = Ens1 + Ex (2.79)

where Fx.; is the negative of the electron affinity of the N-particle system and
Ex is the negative of the first ionization energy of the same N-particle system.
The highest valence-band energy is given by:

By = Ey — Ex_s (2.80)

The bandgap energy FEg is the energy defined as the difference between the con-
duction band E¢ and the valence band Ey

Eg = Ec — Ev. (2.81)

2.2 Monte Carlo Methods

2.2.1 Introduction

The strength of the Monte Carlo method is the ability to accurately simulate
physical phenomena using a very detailed computer simulation model. The Monte
Carlo Mthodes essentially solves the Boltzmann transport equation through a com-
puter simulation of the dynamics of carrier transport. It relies on a semiclassical
approach. The Boltzmann transport equation model has been the main tool used
in the analysis of transport in semiconductors. Free carriers are treated as classical
point-like particles, which in the absence of scattering, drift in an external field
according to Newton’s equation of motion [55].

_>
7k 2.89
e hdt (2.82)
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N
where e? is external fieled, % is drift velocity.

For this approximation to be used, the length scale in the direction of ? must
be much larger than the size of the semiconductor unit cell in that direction. If
this is true, then the carrier energy spectrum is approximately continuous in the
electron wavevector, k, and carriers can be described as point-like wavepackets.
At the beginning of the Monte Carlo simulations of electron transport, the
simulated electron is placed at the conduction band minimum. The steady-state
results are however independent of the choice of initial state. The electron is then
allowed to drift in the applied field according to equation (2.74), for a specified
drift time Tjy. This drift time is chosen so that it is always much smaller than the
inverse of the scattering rate. After the drift, it is determined whether a scattering
event will occur. The simulation continues through a series of drifts and scattering
events, until the convergence of the average electron velocity along the direction

of the driving field.
_ P

eF
This equation is useful to determine the convergence of the MCM simulations.
When the drift velocity is accurately obtained, the results are similar [55].
The Monte Carlo simulator was then used to calculate the electron scattering
rates, average velocity, and mobility. In general, the Monte Carlo method is a
semi-classical technique, which simulates electrons as classical particles undergo-
ing scattering events separated by drifts in an electric field.

Ua (2.83)
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Chapter 3

Results and Discussion

In this chapter a brife discussion had been taken. we discussed the determina-
tion of equilibrium lattice constant, bulk modulus, convergence of cut-off energy,
convergence of K-points samppling in BZ. And also we have discussed different en-
ergies and correlating with other exprimental works as well as, we have performed
bandstructure, DOS, PDOS, Optical properties, and workfunction with GGA and
PBE correlation combined with the results from other experimental data.

3.1 Determination of equlibrium lattice constant
(a,) of SiC

The cubic SiC phase belongs to the space group Fd3m with crystalline structure
of zincblend B3 bilayer, that is face-centered cubic lattice with two atoms at the
basis, with one Si atom at the position 0, 0, 0 and the carbon atom at the position
1/4, 1/4, 1/4. We have obtained through a total energy minimization process a
lattice constant value of the cubic phase ag = 4.38A, slightly smaller than that of
calculated by ag = 4.39A, [56] using the pseudopotential method PBE.

Table 3.1: Equlibrium lattice parameter and Bulk modulus for: bulk carbon (C),
bulk silicon (Si) and, bulk SiC [56]

parameters C Si SiC
a, in(A) 3.54 5.45 4.38
refefernce[56, 57] | 3.56 5.44 | 4.39 ,4.38
By(in Gpa) 454.301 | 110.202 | 201.36
refefernce[58] 406.77 | 90.817 202

Therefore, the equlibrium lattice constant value calculated for SiC bulk structures
are in excellent agreement for PBE (4.38 A) compered to reported exeprimental
data shown in table 3.1 [56] (4.39A) and exactly equal value of exprimental result
with [57] (4.38A). And by using the total energy curves vs cell volume curve of SiC
as shown in the figure 3.1. The minimum point on the curve corresponds to the
equilibrium volume of the unit cell which gives us the equilibrium lattice constant.
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3.2 Determination of Bulk Modulus (B)

The exprimental vulue of bulk modulus for SiC simulation in abinit code was
202Gpa. The calculated value for SiC by using the same code was 201.36 Gpa.
Based on the information listed in table 3.1, the bulk modulus obtained from PBE,
is very closely agree value with comparision to the exprimental one (202 Gpa) [57].
The graph of bulk carbon zincblende, silicon zincblend and bulk silicon carbide
value from total energy vs volume, shown as follows.

sj: E:-72.198 eV, V: 44.718 A%, B: 454.301 GPa

150

1254

100

sj: E: -43.346 eV, V: 162.002 A%, B: 110.202 GPa

energy [ev]
energy [ev]

25 50 75 100 125 150 175 200 40 60 80 100 120 140 160

volume [£] (b)

sj: E: -59.376 eV, V: 84.487 A%, B: 201.362 GPa

40 60 80 100 120 140 160 180 200

volume [A3]
Figure 3.1: Convergence of lattice constant, bulk modulus, from the total energy

vs volume for (a), bulk carbon zincblende, (b), bulk silicon zincblende and (c),
bulk silicon carbide zincblende eos respectively.

3.3 The convergence of the K-point sampling

K-point convergence of SiC was analysed in the unit cell by varying the Monkhorst-
Pack gird the calculeted value for SiC in PBE yileds by using simulation in abinit
code is 4x4x4. The graph of total energy against kpts for SiC as follow:

3.4 Plane wave Cut-off energy (ecut optimum)
To obtain reliable results, the cutoff energy values should be selected carefully,
and experience shows that values of 350-450 eV [57] are often satisfactory for

most systems. Thus in our system the calculated value for SiC by simulation in
abinit code with PBE, the cut off energy of the plane wave is set to be 400 eV. This
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Figure 3.2: Total energy convergence of SiC as a function of K-points.

shows that our systems is very good agreed estimation reliable results. Because it
found between the satisfactory interival 350-450eV. The graph of total energy vs
ecut is shwon as follow.

Total energy (eV)

T T T T T T T T T
100 200 300 400 500 600 700 800 900
ecut_values (eV)

Figure 3.3: Convergence of the total energy of cubic SiC as a function of planewave
cut-off energy [54].

3.5 Exechange-Correlation potential (xc optimum)

The exchange-correlation potential is the functional derivative of the exchange-
correlation energy; however, there is no universal form for exchange-correlation
functionals and there are several methods suggesting the exchange-correlation
functional approximation [58]. Such as local density approximation (LDA) which
is uniform electron gas (in the homogeneous electron gas) with this density by dif-
ferent scientist( Kohon-Sham), Monte Carlo and the genral gradint approximation
(GGA) which is none uniform electron gas(hetrogeneous electron gas) with this
density. The exchange-correlation in this system through out the work is PBE or
GGA, not LDA.
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3.6 Psedopotentials optimum (pps)

Pseudopotentials are a Materials Relation providing an approximation of the full
Hamiltonian. They can be developed to approximate the core (i.e non-valence)
electrons of an atom and its nucleus with an effective potential, or pseudopoten-
tial. This approach considers the nuclear charge as effectively screened by tightly
bound core electrons. This has two consequences: only the chemically active va-
lence electrons are treated explicitly, and the potential profile they experience is
much smoother, there by reducing the number of electrons in the Schrdodinger
equation and the size of basis sets [32]. For all the calculations done in this work,
we used the FHI pseudopotentials developed at the Fritz-Haber-Institute. The
FHI was used to perform the total energy calculations within the pseudopotential
framework for all systems here considered [34], [37].

3.7 Detremination of Surface geometries opti-
mization of SiC energy, cohesive energy and
vacancy energy of SiC.

We first determined the cell parameter of our cubic zinc-blende, SiC structure since
the surface slab is generated from the bulk material. Our optimized parameters are
carbon, Silicon and cubic-SiC or zinc-blende and the result is in good agreement
with experimental results and other first principles quantum mechanical calcula-
tions. Acording to the result listed in table 3.2, SiC (100), SiC (110) and SiC (111)
surface was geometry optimized giving a calculated surface energy of 0.3169655
eV/ A2, 0.2277070 eV/A? and 0.43674081eV/A? respectively and compared these
result with reference, which we found the same order of surface stabilities as in
our study: cubic — SiC(111) > cubic — SiC(100) > cubic — SiC(110). Since the
compration result for cubic-SiC is good agreed with reference. The cohesive energy
obitained from PBE, the calculeted value of cohesive energy, -7.21325 eV, is in ex-
cellent agreement with the experimental data -7.401 eV in comparision [59]. This
result show that zinc-blnede structure is slightly more stable than the wurtzite
structure for bulk SiC. That is cohesive energy for wurtzite structure SiC = -7.396
eV [59] and lastly the calculeted value of 3C-SiC for vacancy C-site = 8.733 eV
and Si-site = 7.63 eV [60, 61].

Table 3.2: Compartion between calculeted value of Surface energy, cohesive energy
and vaccancy energy of SiC in this work and exprimental value by using PBE in
abinit code [59, 60, 61].

Indicies | fcc(100) | fec(110) fcc(111) | Ecoh(eV/A?) | Evca(eV/A?)
This work | 0.3169655 | 0.2277070 | 0.43674081 -7.21325 8.7833
exp’t 0.34300000 -7.401 7.63

25



Chapter 3. Results and D8s8usdibectronic Band structure of Silicon, Carbon, Silicon-Carbide diamond strcuture

Figure 3.4: Gives Unit cell geometries for (a), Carbon (C) (b), Silicon (Si) and
(c), silicon carbide.

3.8 Electronic Band structure of Silicon, Car-
bon, Silicon-Carbide diamond strcuture

The dispersion curves are shown for wave vectors along a path in the first Brioullin
zone. Here, the path is described by the wave vectors I, X, M, I which are points
in the Brioullin zone. The energy of the valence band (VB) at (X) is the highest
energy in the VB and is called valence band maximum (VBM). The energy of
the conduction band (CB) from (M) is the lowest energy in the CB and is called
conduction band minimum (CBM). By using this information, we have calculated
band gap energy and discussed as follows.

Table 3.3: The calculated band gap energies for C, Si and SiC were compared with
experimental values [60, 61, 62].

symbol | structure | bandgap-type | PBE bandgap | reference
Dimond-C | diamond indirect 2.66 4.12
si | diamond indirect 1.09 | 1.1, 0.58

3C-SiC | zincblend indirect 2.448 2.36,
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Figure 3.5: Bnadstructure of bulk silicon (Si).

In this figure 3.5, the calculated bandstructure for silicon is given where an indi-
rect band gap between (X) and (M) different (K) point Eg = 1.09 eV which is less
than carbon, and greater than exprimental value (0.167) [64], and exactly equal
(1.1eV) [62]. Hence showing this material to be has conductor characterized with
a completely filled valence bands.

Even if, it is semiconductor. Instead, the band gap energy for an indirect transition
for silicon is 0.167 eV [65], and 1.1lev. The band gap energy for direct transitions
for silicon is 3.6 eV [66] but silicon can absorbs visible light. Hence, the visible light
must excite silicon through indirect transitions. Since conductor can emitt light
through zero band gap energy 0 eV. Silicon is a leading semiconductor material
[67] and has taken a leading position in semiconductor materials. Therefore, Sili-
con in diamond structure have significantly weaker bonding between their atoms.
This results in a smaller band gap. At room temperature, some of the electrons
have enough energy to move into the conduction bands. Meaning that there are
some orbitals in the valence band and in the conduction band that hold only one
electron. Electrons can travel through the material through these orbitals [68] and
Visible radiation produces electron transitions with almost unity quantum effi-
ciency in silicon [69].

Bandgapstructure for carbon(C) in diamond structure is as following figure 3.6.
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Figure 3.6: Bandstructure of carbon in diamond structure.
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Figure 3.6, shows that, the band structure of carbon in Diamond structure, it
indicates that the top position of valence band lie on the (X) point, the bottom
position of conduction band at (M) point. The indirect bandgap, between (X) and
(M) different (K) point Eg = 2.66 ¢V which is bigger than silicon and less than
exeprimental value 4.12 eV [60]. This indicate that, Carbon in diamond structure
forms very strong C-C bonds so it has large band gap. Thermal energy available
at room temperature is not enough to excite any electrons from the filled band to
the empty band. The calculated bandgapstructure of the SiC diamond structure
is shown in figure 3.7 below.
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Figure 3.7: Bandstructure of SiC in diamond structures.

From figure 3.7, The bandgap Eg = 2.448 eV, in (SiC) with diamond structure,
has small difference comparing to the carbon with diamond structure, and large
difference compering to the silicon with diamond structure. This value is larger
with comparing to exprimentala value 2.36 eV [62, 63]. It indicates the typical
characteristics of bond of the (Si-C) in Diamond structure with indirect band
gap. It shows that the top position of valence band lie on the (X) point. The
energy of the valence band (VB) is the highest energy. On the (M) point is the
lowest energy in the CB and is called conduction band of Brillouin zone. The indi-
rect bandgap, between (X) and (M) different (K) point Eg = 2.448 eV, less than
value of (C) and exprimental value with diamond structure and grater than (Si)
with diamond structure. This size wide band gap shows that (SiC) in diamond
structure to be semiconductor. Beside on this, their fermi-level for silicon, carbon,
and silicon-carbide is 12.5 eV, 5.00 eV and 9.10 eV respectively. As a result, the
diamond is often considered to be a wide-bandgap semiconductor. The minimal
bandgap is indirect, with a value of 2.66 eV for carbon, which can be compared to
corresponding values of 0.00 eV for silicon and 2.448 ¢V for silicon-carbon (SiC),
with diamond (fcc) structure, respectively, for the group-IV semiconductors silicon
and silicon-carbon (SiC) with diamond structure [68]. Each carbon atom, silicon
atom, and silicon-carbon (SiC) atoms in cubic diamond (fcc) contributes four va-
lence electrons to four directional tetrahedral covalent sp® bonds linking nearest
neighbors. The diamond structure is a good example of strong tetrahedral covalent
bonding where the atoms share a valence electron with each neighbor [70].
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Band gap and Fermi energy for silicon-carbide, silicon, and carbon systems
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Figure 3.8: Gives bandgap and fermi energy for carbon, silicon, and silicon carbide
systems as sammerizied.

3.9 Electronic properties of Silicon Carbide SiC

The chemical bonding of SiC, an individual atom is calculated by the partial DOS
and all atoms by the total DOS. Now, we have the correct electronic properties
and the total energy of the system per unit cell for SiC. We have calculated the
electronic structure of cubic silicon carbide using PBE correlation. Calculation on
density of state (DOS) and projected density of state (PDOS) of silicon (Si), car-
bon (C) and silicon-carbide (SiC) and their corrosponding figures are following.
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Figure 3.9: Gives the density of state (DOS) of (a) Silicon(Si), (b) carbon (C) and
(c) silicon carbide (SiC)
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In this fig 3.9 (a), the low-energy area of Valence band is mainly constituted by (Si
3p, Si 3d) orbital electrons. That is the lower part of valance band ~4 to ~5ev(a).
And shows narrow, sharp peaks in the DOS, which are mainly composed of the
Si-3d orbital. The High-energy area is mainly constituted by (Si 2p and Si 2d)
orbital electrons. Figure 3.9 (b), shows the density of state(DOS) of diamond-C.

In fig 3.9 (b), the low-energy area of Valence band is mainly constituted by (C 2p
and C 2s) orbital electrons. That is the lower part of valence band ~2.5 to ~4.75
eV. Figure 3.9(c), shows the density of state (DOS). This figure shows that the
lower energy area of valance band mainly constituted by 3d orbital electron. That
is the lower part of valance band ~7.00 to ~8.75 eV(c). And shows narrow, sharp
peaks in the DOS, which are mainly composed of the Si-3d orbital.
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Figure 3.10: Gives the porjected density of state (PDOS) of (d) Silicon (Si), (e)
carbon (C) and (f) silicon carbide (SiC).

In this fig 3.10 (a), the lower part of the valence band at ~-3.950 eV to ~0.95
eV (a) and shows narrow, sharp peaks in the PDOS, which are mainly composed
of the Si-3p orbital. The upper consists mainly of the Si-3p orbital, where some
hybridization of the (Si 3d, Si 3p, ¢ 3s and ¢ 3p) 3p orbitals are located. In this fig
3.10 (b), the lower part of valence band at ~4.5 eV to ~7.0eV (b) shows narrow,
sharp peaks in PDOS, which are mainly composed of the C-3p orbital. The high-
energy area is mainly constituted by (C 2s and C 2p) orbital electrons. In figure
3.10 (c), from top to bottom it listed the projected density of state (PDOS) of
silicon and carbon of (Si-C) in diamond structure. The Valence band is composed
of two sub bands. That is the lower part of the valence band at ~6.50 eV to ~8.5
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eV (a) and shows narrow, sharp peaks in the PDOS, which are mainly composed
of the Si-3p orbital. The low-energy area is mainly composed of (Si 3p and C 3s)
orbital electrons.

3.10 Optical properties of cubic SiC system.

3.10.1 Absorption coefficient

With its wide band gap, high breakdown critical field strength, high electron mo-
bility, and high resistance to radiation, 3C-SiC has a broad range of applications
[71]-[76]. As a connection between the transition microscopic physical process of
the band and the solid electronic structure, the dielectric function reflects the solid
energy band structure and a number of spectral information. Diamond-C, Si, are
spacing band gap semiconductors, where as SiC is a direct band gap semiconduc-
tor. There for, the optical spectrum of C, Si and SiC are formed by the electron
transition among energy levels. Fig 3.11, the optical spectrum of C ,Si, and SiC

Photoabsorption spectrum
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Figure 3.11: The optical spectrum of C ,Si and SiC are formed by the electron
transition among energy levels.

are formed by the electron transition among energy levels. In figure 3.11 (rose
color), shows that carbon exhibit the absorption largest peak at 6.58040 eV the
photon energy level. This indicates that the absorpption is varing from ~1.5 to ~
6.5 eV and increasing rapdily and reachs maximum at 6.58040 eV.

Fig 3.11 (yellow color), the optical spectrum of Si is formed by the electron tran-
sition among energy levels. This figure implies that silicon exhibit the largest
absorption peaks at 6.13394 eV. And the photoabsorption is increasing from ~1.9
to 3.45 eV and decreasing from ~3.46 eV to ~4.5 eV and also increasing from
~4.5 eV to ~6 eV and rapdily reach maximum at 6.13394 eV photon energy.
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Fig.3.11 (blue color), the optical spectrum of SiC is formed by the electron tran-
sition among energy levels. In figure 3.11(blue color), shows that silicon-carbide
exhibit the absorption largest peak at 3.46 eV photon energy. The highest peak
value is slightily deviates from exprimental value 1.37 eV [73, 74]. The transition
electrons may have been from the C 2p and Si 3p orbits.

3.10.2 Dielectric function

As the thin film thikness decreases, both the real and imaginary parts of the
dielectric function decreases significantly and shows a red and black shift. The
thin thickness depends on the dielectric function, related to the changes in the
interband absorption.
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Figure 3.12: Calculated real and imaginary part of the dielectric function for:(a),
Carbon (C) (b), silicon (c), silicon carbide (SiC).

In fig 3.12 (a), shows that, carbon exhibit dielectric function of imaginary parts
starts from photon energy ~ 5.75 eV. And real part shift dielectric function strat
from photon energy value ~ 4.5 eV and then some what increasing slightly up.
But fig 3.12(b), shows, silicon exhibit the dielectric function of imaginary parts
electron transition silightly shifting up (increasing up) from ~ 2.25 eV to it’s
maximum peak around~ 3.5 eV and decreasing down as zigizag form. and real
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parts electron transition strat from dielectric function from ~ 0.5 eV and increasing
slowing up to ~ 3.94 eV and then dicreasing down to dielectric function. In fig
12 (c), shows silicon carbide dielectric function of imaginary parts from ~4.25eV
and increasing up to it’s maximum peaks ~6.75eV and then decreasing imidiately
from maximum to ~7.48 eV and then increasing gradualy up to ~8eV and aslo
decreasing to down. The real parts electron transition of dielectric function start
from ~1eV up to ~6eV it’s maximum peaks and decreasing down to ~ 6.98eV
and become take rest up to ~7.5eV and the increasing to ~8eV. In conclusion, a
corresponding relation exists among the imaginary parts of the dielectric function,
the refractive index, and the adsorption coefficient. Thus, optical properties have
a direct relationship with the crystal band and the distribution of electronic DOS.
In figure (3.11-3.12), shows that, the optical property of silicon-carbide is directily
affected the existance of dielectric constant, absorption and refractive index.

3.10.3 Electron energy loss spectrocopy (EELS).

Electron energy loss spectroscopy (EELS) is the technique to measure the amount
of energy loss in an inelastic scattering event, when electrons pass through the
material. Transmission electron microscopy (TEM) is the appropriate microscope
for EELS since in order to have the projection image, electrons should transport
in the material.
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Figure 3.13: Graph of electron energy loss spectron (EELS) for: (a), carbon (b),
Silicon (c), Silicon carbide respectively

In figure 3.13 (a and b), show that electron energy loss spectron through carbon
and silicon, transmission electron pass through the same energy level that is from
ground energy level and gradually increasing electron transport up to maximum
peak of 17.5 eV and after riching maximum peak, it dicreasing immiditelly to
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downward to ground level energy. In fig 3.13(c), shows, EELS through SiC there is
some what no transmission electron passes up to ~ 16.00eV and after this, electron
passes rapidily up to maximum peak between ~19eV and ~22.20eV and decreasing
energy loss rapidily down ward to ground level. This shows that, SiC material is
the appropriate microscope for EELS in order to have the image electron transpot.

3.10.4 Berry phase of silicon, carbon and silicon carbide

Berry phase is polarization expressed in the form of a certain quantum phase. In
our system the berry phase corresponding to spontaneous polarization.

Table 3.4: The calculated value spontaneous polarization for bulk carbon (C),
bulk silicon (Si) and silicon carbide (SiC).

Bulk structure | PBE value ¢/m? | ao(A)
Carbon -4.44x1071 3.54
Silicon -6.707 x10716 5.44

Silicon carbide | -3.619x10~1° 4.38

From table 3.4, shows that the value of polarization in C' = —4.44 x 10714C/m?
is highest value of that of SiC' = —3.619 x 107 and Si = —6.707 x 10~15C/m?.
This indicate that at smallest lattice constant value have highest polarization end.
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Figure 3.14: Gives polarization as function of electric filed for Si, C, and SiC

In figure 3.14, shows that polarization as function of electric field. From this
fig 3.14 (a), the polarizaton effect increasing from the origion to it’s maximum
point and slightily increasing step to step upto 0.00030 N/C electric filed. In this
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case, polarization is affected by electric field direactly or electric field increases,
as polarization increases in the silicon atom. In fig 3.14(b), indicates polarization
as function of electric field for carbon atom. In this figure, polarization increasing
upto it’s maximum point of electric field from origin to 0.00010 N/C and dicreasing
slightily dowon as field increasing the range. In fig3.14(c), silicon carbide exhibit
polarization as function of electric field. In this figure, polarization increasing
imidetily upto it’s maximum peak to 0.00010 N/C and dicreasing straightly down
ward with out any step.

3.11 Workfunction of Carbon, Silicon and Silicon-
Carbide in diamond structures.

The atoms or electrons are located at the minimum of the potential. The work
function is given by the difference between the Fermi level and the vacuum level
[43]. The calculated value of workfunction for bulk silicon (bulk-Si), bulk carbon
(bulk-C), bulk silicon carbide (bulk-SiC) and aslo workfunction for their different
indices fcc(100, 110, 111) are discussed in table 3.5 and corresponding graphs
as follows. Generally, the calculated value for diamond silicon, carbon, and bulk
silicon carbide in their bandstructures are in table 3.5.

Table 3.5: The calculated value of workfunction of bulk and diamond silicon,
carbon, and silicon carbide in thier bandstructures.

Structural properties | C(diamond) | Si(diamond) | SiC(diamond)
Bandgap energyin (eV) 2.66 0.00 2.446
Fermi-level in (eV) 5.00 12.75 9.10

Bulk workfunction in (eV) -13.36 -20.13 -16.54
workfunction in (eV) (100) 6.80 4.11 5.84
workfunction in(eV) (110) 6.00 3.57 3.96
workfunction in(eV) (111) 6.93 4.43 6.10

Accorrding to our data calculeted by DFT in table 3.5 we drown the following
discussion by graphicaly. Graph of workfunction of bulk silicon, carbon, SiC at
ground level or in zero bundary and periodic boundary condition.

In figure 3.15 are gives the workfunction of (a) bulk silicon (Si),(b) bulk carbon
(C), (c) bulk silicon carbide (SiC) in zero bundary condition. In figure 3.15(a, b
and c) indicates average effective potential of Si, C and SiC at 4.5 eV, -10 eV and
-7.5 €V respectively.

In figure 3.16 are gives workfunction of(d) Si (100), (e) C (100) and (f) SiC (100)
in periodic boundary condition and shows that the average effective potential
between ~ 10.5 eV to ~ -10.5 eV, ~ 9.75 eV to ~ -9.75 eV and 10 eV to -9.75 eV
respectively.

In figure 3.17 are gives workfunction of(g) Si (110), (h) C (110) and (i) SiC (110)
in periodic boundary condition and indicate the average effective potentials are
between 12.5 eV to -14 eV, 8 €V to -17.5 eV and 9 eV to -15 eV respectively.
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Figure 3.15: workfunction of bulk silicon (Si), bulk carbon (C), bulk silicon carbide
(SiC).
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Figure 3.16: workfunction of silicon (Si(100)), carbon (C(100)), silicon carbide
(SiC(100)) in periodic boundary condition.

Lastly in figure 3.18 (j, k, and 1) are gives workfunction of (j) Si (111), (k) C (111)
and (1) SiC (111) in periodic boundary condition and indicates average effective
potentails between 10 eV to 23.5 eV, 8 eV to 23.75 eV and 9 eV to 23.75 eV
respectively. In figure:3.18, the blue line is the xy-averaged potential (electrostatic
potential) and the red line is the fermi-level.

In fig 3.19 indicate, that the summariezed value of work function for bulk and
structural system for carbon, silicon and silicon carbide system.
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Figure 3.17: workfunction of silicon (Si(110)), carbon (C(110)), silicon carbide
(SiC(110)) in periodic boundary condition.
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37



Chapter 3. Results and Discussion 3.12. Monte Carlo methods

Work function for silicon-carbide, silicon, and carbon systems
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Figure 3.19: Gives work function for silicon carbide, silicon and carbon system.

3.12 Monte Carlo methods

3.12.1 Electron transport in cubic silicon carbide.

The Monte Carlo method for electron transport is a semiclassical Monte Carlo(MC)
approach of modeling semiconductor transport. Electron transport system for car-
bon, silicon and silicon carbide reperesnted in figure by using Green function as
follows. In figure 3.20, shows, electron transport in carbon, silicon and silicon
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Figure 3.20: Gives energy vs transmitivity value of electron transport for (a),
cubic carbon (b), cubic silicon and (c), cubic silicon carbide systems.

carbide system.
In this figure 3.20(a), the transmision of electron strat from ground level to 1.0 or
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0 to 1.0eV transmision maximum point in negative transition junction or barrier.
In fig 3.20(b), the transmision of electron strat from ~ —7.2to — 6.58¢V the en-
ergy level for silicon and In fig 3.20(c), shows transmision of electron strart from
~ —2.2eVt02.2eV the energy level for silicon carbide(SiC) as open parabolic path
downward.

3.12.2 Monte Carlo method as hopping or jumping

Monte Carlo methods, coupled with so-called transition-state methods guiding
the selection of reasonable Monte Carlo steps, appear to be promising. Acording
to this state, the electron transport in silicon carbide system can repersnted as
following figure 3.21. In fig 3.21 (a), shows that, the transition state of electron

i,e-E[-1] i,e-E[-1]

154
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Figure 3.21: Gives Minimum hoppinng of electron transport in energy levels (a),
carbon, (b), silicon, (c), silicon carbide

in carbon strat from the length zero to ~ 5 eV and hopping the electron step-
by-step as zigizag manner. i.e between 0 to 1, hopping stright down and take
some rest. And 1 to 2, 3 to 4, 4 to 5 eV rich the gronud level. In fig (b), shows
that, the transition state of electron in silicon transite in very small intreval which
compering with the length of carbon atoms. In this case, the transition state
electron take the between 0 to 4 eV. The electron hopping coming down 0 to 3
eV and take the rest at some instant of time, then dicreasing solow dowm up to 4
eV. In fig 3.21 (c) shows that, the transition state of electron in silicon carbide. In
this fig 3.21(c), the hopping of electron transite step-by-step but it hopping from
0 to 1, then 1 to 3, and 3 to 4 ev. This indicate that silicon carbide transmition
of electrons are midium.There for,silicon carbide is very important structure for
today’s nanotechonology.
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Chapter 4

Conclusion

e In this paper, we studied electron transport in silicon carbide as DFT and
MC methods in abinit code by PBE or GGA approximation with in FHI
psudopotential.

e Therefor, Energies as a function of volume for SiC in bulk structure to
obtaind lattice constant, bulk modulus, kpts and cut-off energy and also
varoius energy such as surface energy in different indices, cohesive energy
and vaccancy energy were performed with GGA approximation and PBE
correlation.

e Combined with the results from other calculated works and experimental
data.

e We studied various electronic and physical properties of the systems involv-
ing carbon, silicon and silicon carbide in bulk structure. We utilised the GGA
pseudopotential in a methodology based on the plane wave approach.

e The ABINIT simulation packages developed were used to perform the cal-
culations.

e Our results were compared with previous theoretical and experimental re-
sults which were available. Interestingly our results within the GGA are close
to the experimental data. When compared to the other work where PBE was
employed.

e The equlibrium lattice constant value callculeted for SiC bulk structures are
in execellent agreement for PBE (4.38 A) compered to reported exeprimental
data.

e The bulk modulus obtained from PBE, is very closely agree value with com-
parision to the exprimental one (202 Gpa).

e K-point convergence of SiC was analysed in the unit cell by varying the
Monkhorst-Pack gird the calculeted value for SiC in PBE yileds by using
simulation in abinit code is 4x4x4.

e The fhi(Fritz-Haber-Institute) was used to perform the total energy calcu-
lations within the pseudopotential framework for all systems.

40



Chapter 4. Conclusion

e In our system the calculated value for SiC by simulation in abinit code with
PBE, the cut off energy of the plane wave is set to be 400 eV. This shows
that our systems is very good agreed estimation reliable results.

e The PBE overcome the DFT bandgap underestimation, and provides more
accurate approximation. The bandgaps calculated for 3C-SiC with this method
is in good agreement with the experimental results.

e The Monte Carlo simulations of electron transport, the simulated electron
is placed at the conduction band minimum.

e Since the (SiC) with bulk structure is an existing experimental structure, our
results shows that this structure has an interesting physical and electrical
properties and has important application for today’s techonology.
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