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ABSTRACT

There is growing demand for high-performance electronics in high volt-

age, high current, and high frequency efficiency requirements that current

materials (e.g., Si) are not fulfilling.

Within the last few years, the rate of development of Si power electron-

ics has slowed as the MOSFET silicon power asymptotically approached its

theoretical limits. Gallium natride (GaN) grown on top of a silicon substrate

could displace silicon across a significant portion of the power management

market. Doping elements in bulk GaN may influence and enhance its prop-

erties. Carbon doping of GaN is potentially efficient and useful material for

photo-conductive solid-state switches (PCSSs), also called photo-conductive
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semiconductor switches. However, to make effective use of the rich capa-

bilities of device-scale engineering design tools (e.g., Technology Computer-

Aided Design (TCAD)) it is necessary to know a variety of material de-

pendent parameters for which experimental results have not been obtained.

Therefore, the ability to determine those parameters via ab initio calcula-

tions is essential, especially when the material contains some type of defect

or dopant.

To overcomes this dilemma, we proposed a simulation methodology to ex-

tract the needed parameters form atomistic ab initio calculation of bulk (un-

doped) GaN, carbon-doped GaN, and iron-doped GaN. The proposed method

chain was successfully produced the required parameters including electronic

structure, polarization properties, phonon calculation, and mechanical and

spectroscopic properties for GaN, C-doped GaN, and Fe-GaN crystals. The

parameter values were subsequently used in a TCAD tool to compute trans-

port properties and breakdown voltage of GaN, C-doped GaN, and Fe-GaN.

Result shows that all material properties such as mechanical, optical, polar-

ization, transport properties, and the breakdown transport properties and

breakdown voltage changed due to the presence of dopants. The comparison

of breakdown voltage models for C-doped and Fe-doped GaN channel layers

revealed that Fe-doped GaN has a greater breakdown voltage. To produce a

more accurate simulation of GaN HEMT, it is necessary to take into account

the parameters of a genuine model with their actual values rather than rely-

ing on a generic dopant.
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CHAPTER 1

INTRODUCTION

An exceptionally diverse range of pulsed power high-power devices are

being developed in defense, communications, manufacturing, and other in-

dustries but the requisite high-voltage and stable switching technology to

control those devices is still lacking. Normally, a photoconductive semicon-

ductor switch (PCSS) would fit this need because of its small geometry, high

repetition frequencies, intrinsic optical detachment, and incredibly low ex-

change jitter [48]. However, present-day materials do not have the necessary

properties to meet performance specifications under extreme power, tem-

perature, and use-rate conditions. Because development of advanced PCSS

materials is hindered by prohibitive time and material costs, effectuating a

simulation-based approach to material development is essential. The main

challenges with simulation are the multi-scale nature of device design (i.e., the

devices operate on a continuum scale but rely on properties derived from the

atomic and electronic scale) and the multi-component nature of the device

materials (i.e., it is essential to understand the impact of impurities, dopants,

and material interfaces which can greatly complicate any simulation).

For example, Silicon carbide (SiC) and Gallium Nitride (GaN) have re-

cently received much consideration as PCSS materials because they have
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advantages over previously used Si or GaAs [163]. However, SiC and GaN

are not yet fully matured when it comes to integration with other mate-

rials, incorporation of dopants, or the effects of impurity/defect structures

during fabrication specifically for high power PCSS applications. Realistic

optimization of GaN, SiC, or other future materials requires consideration

of impurity and defect structures but the computational tools to account for

those effects are still lacking. Therefore, it is critically necessary to develop

multi-scale and multi-component computational methods to speed the device

development process.

The first challenge that one may encounter when modeling a PCSS de-

vice is that in contain multi-component parts and different materials layer.

Therefore, it is necessary to take an simplified approach by modeling a PCSS

precursor device called a high electron mobility transistor (HEMT). A HEMT

has fewer layers and can be studied as a PN-junction which is a component

of PCSS. This HEMT device in PCSS is consider an important layer because

it is where dopants are usually applied. The material requirements for a

HEMT are virtually identical as for a PCSS but the larger scale simulation

is simpler. Therefore, while we will not directly model a PCSS device it

is expected that our HEMT models will be useful for understanding PCSS

devices.

Considering GaN specifically as a material for use in a HEMT (or PCSS),
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the band structure suggests that, in principle, GaN should be appropriate

for high power PCSS devices because it has a wide direct band gap with a

favorable electron/hole effective mass and mobility. Studies have assessed

the development of industrially accessible bulk GaN, the layout of GaN on

sapphire, and test models of GaN as a PCSS [4]. Additionally, physical and

electrical tests have assessed the nature of fabricated GaN and its applicabil-

ity to a survey of model devices that require, for instance, operation at a high

temperature, high frequency, and with a quick response and recovery rate af-

ter a laser beam pulse [4, 5, 47]. Unfortunately, despite a promising band

structure, the performance of GaN in practice has been less than expected,

specifically with regard to the breakdown voltage [5]. Past studies on PCSS

materials have indicated that device parameters, such as breakdown voltage,

heat dissipation rates, and quantum efficiency can be optimized [37]. The

electronic structure of GaN changes when there are impurities, vacancies,

dopants or even a combination of all [77].

Recently, much progress has been made regarding the development of

high-quality bulk GaN including dopant variations to optimize performance.

For example, to obtain GaN buffer layers with high resistivity, C and Fe are

used as dopants to create deep acceptor states and compensate for residual

donors in GaN buffer layers [35, 107]. The breakdown voltage crosses over 800

V when the C concentration is about 8×1018 cm-3 compared to a breakdown
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voltage of 700 V in pure GaN [191].

Integrating any material into a practical device can benefit hugely from

the use of Technology Computer-Aided Design (TCAD) programs, and GaN

is no different. In TCAD simulation the detailed device-scale electronic,

magnetic, thermal, mechanical and optical properties of multiple interacting

materials with various dopant profiles arranged in any geometry are com-

puted on the basis of continuum-level governing equations [139]. Effective

TCAD simulations rely on parameterizations of the fundamental properties

of the materials being used. For example, the elastic coefficients, dielectric

coefficients, piezoelectric coefficients, etc. of a given material are all required

before a material can be used in a TCAD simulation that requires any of

those properties. Unfortunately, because GaN is less mature than Si, there

are not that many experimentally known parameterizations under many di-

verse conditions that device-scale engineers can use for their TCAD simula-

tions [35]. It is highly desirable to be able to avoid performing expensive and

time-consuming experimental characterization of the electronic properties of

GaN under the wide range of potential conditions (e.g., temperature, dopant

types, external field strengths, etc.) needed for TCAD simulation. There-

fore, to advance a new material such as GaN it is critically necessary to turn

to computational and ab initio methods to obtain material parameters for

use in TCAD simulations.
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1.0.1 Outline of Dissertation

The remainder of this dissertation is organized as following. In chapter 2

we discuss the history of various materials in PCSS switches in a variety of

applications followed by a literature review of the optical, mechanical, and

polarization properties of GaN specifically, including the effects of doping.

Chapter 3 consists of a review of the general need for multi-scale methods

and the specific computational methods used in this research including the

Vienna ab initio simulation package (VASP), the orthogonalized linear com-

bination of atomic orbitals (OLCAO) package, Phonopy methods, a Python

toolkit for modeling point defects in semiconductors and insulators (PyCDT),

Technology Computer-Aided Design (TCAD) tools, and new proposed com-

putational methods. Chapter 4 discusses the results of our modeling of the

atomic structure, electronic structure, mechanical properties, transport, de-

vice properties of GaN, C-doped GaN, and Fe-doped GaN, and TCAD sim-

ulations of breakdown voltage. We end our research with some final remarks

and recommendations in chapter 5.
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CHAPTER 2

BACKGROUND

2.1 Introduction to Gallium Nitride (GaN) Properties and

Applications

The performance of any semiconductor device is highly dependent on the

intrinsic properties of its constituent materials. Conductivity, breakdown

voltage, and thermal properties are just a few of these characteristics. For

many years, silicon (Si) based power MOSFETs were used in a variety of

applications including power conversion, radio-frequency power amplifiers,

analog electronics, and transducers. An added benefit of Si is its deep inte-

gration with fabrication technology. On the other hand, GaN semiconductors

are relatively new and less well-studied, but they outperform silicon semicon-

ductors in terms of breakdown voltage, mobility, and thermal conductivity.

With silicon reaching its performance limit, GaN has emerged as a viable

alternative to Si-based technology that enables numerous benefits in high

voltage and high frequency power management systems, as well as power

converters.

Gallium nitride is a compound composed of gallium (group III) and ni-

trogen (group V). GaN occurs naturally in two allotropic states: wurtzite
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and zinc blende. Each Ga atom is bonded to four N atoms in both of these

structures.

Figure 1: Structure of wurtzite GaN crystal.

The structure of the wurtzite GaN (from here on simply ”GaN”) crystal

is depicted in figure 1. The large balls in the figure represent gallium atoms,

while the smaller balls represent nitrogen atoms. The hexagonal pattern

of the structure is commonly referred to as GaN. Both forms of GaN have

piezoelectric properties when subjected to mechanical strain or an external

electric field [102]. Fabrication of stoichiometric GaN is difficult because

it tends to form N vacancies, which render it as an n-type wide band gap

(WBG) semiconductor. Further n-type doping is typically performed via the

addition of silicon [18]. Fabrication of p-type GaN is challenging and the

greatest success has been achieved with magnesium dopants [18]. Due to the

difficulty of manufacturing p-type GaN, it is typically used as an extrinsic
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n-type material. In the following section we will only focus on the properties

that are used in TCAD to study the breakdown voltage of GaN HEMT.

2.2 Mechanical Properties

Mechanical properties refer to those characteristics of a material that

affect its mechanical strength and ability to be molded into a desired shape.

These properties are quantified in terms of the material’s behavior when

subjected to a force and are expressed mathematically in the form of elastic

coefficients as shown in equations 3.29 - 3.33 in the next chapter (chapter 3).

Many bulk mechanical properties can be derived from the elastic con-

stants. We will focus on the properties that are used in TCAD simulations

such as lattice constants, stiffness coefficients, Bulk modulus, Young’s mod-

ulus, Shear modulus, and Poisson’s ratio. Of critical importance in a TCAD

simulation is the relationship between the mechanical properties, the piezo-

electric properties, and the internal electric polarization (discussed in the

next section). An additional complicating factor is that the practical oper-

ating temperature of a PCSS or HEMT will be sufficiently high to alter the

mechanical properties.

In the following tables we report values for many mechanical properties

of GaN as obtained from the literature. In later chapters we will compare

this data to our computed results for the sames quantities.
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The table below shows the measured and calculated lattice constants of

GaN obtained from different sources and methods.

Table 1: Measured and calculated lattice constants of GaN

Compound Sample a(Å) c(Å)
GaN Bulk crystal [99] 3.189 5.1864

Relaxed layer on sapphire [41] 3.1892 5.1850
Powder [126] 3.1893 5.1851

Relaxed layer on sapphire [98] 3.1878 5.1854
GaN substrate - LEO [40] 3.1896 5.1855
Pseudopotential LDA [79] 3.162 5.142

FP-LMTO LDA [183] 3.17 5.13

The bulk of GaN, which is a material parameter that affects compress-

ibility, is an important property. Once the lattice parameters are determined

as a function of pressure, the pressure dependence of the unit cell volume

can be obtained and fitted with an equation of state, such as the Murnaghan

equation of state [131], and based on the assumption that the bulk modulus

has a linear dependence on the pressure:

V = V0

(
1 +

B′P

B0

)−1/B′
(2.1)

where B0 and V0 represent the bulk modulus and the unit volume at

ambient pressure, respectively, and B0 a second derivative of B′0 with respect

to pressure. Also, the fact that B’ is constant allows one to assign a linear

dependence of the bulk modulus on the pressure.
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The bulk modulus may be derived from the elastic constants by following

formula:

B =
(C11 + C12)C33 − 2C2

13

C11 + C12 + 2C33 − 4C13

(2.2)

The range of bulk modulus values determined experimentally and com-

putationally range from about 173 to 245 GPa [113] as shown in Table 2

below.

Table two below also shows the mechanical properties of GaN obtained

using different techniques reported in literature and presented here to be

used to compare with our results in chapter 4.
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Table 2: Experimental and calculated elastic coefficients (Cij), bulk modulus
(B) and its pressure derivative (dB/dP), and Young’s modulus (E or Y0) and
(in GPa) of GaN (in part from Ref. [113])

Technique C11 C12 C13 C33 C44 B0 B′ E
X-ray [140] 296 130 158 267 24.1 195 150

XAS 245 4
EDX 188 3.2
ADX 237 4.3

Brillouin [132] 390 145 106 398 105 210 356
Brillouin 374 106 70 379 101 180

Brillouin [192] 365 135 114 381 109 204 329
Brillouin [40] 373 141 80.4 387 94 192 362
Brillouin [38] 315 118 96 324 88 175 281
Brillouin [193] 373 141 80 387 94 192 362

Ultrasonic [143] 377 160 114 209 81.4 173 161
Ultrasonic [39] 370 145 110 390 90 208 343

Single crystal X-ray 207
Most commonly 380 110 105

used values
PWPP [181] 367 135 103 405 95 202 363

FP-LMTO [39] 396 144 100 392 91 207 355
Kim [78] 431 109 64 476 126 201 461

PWPP (Wagner) C11 515− C11 104 414 207 373
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2.3 Polarization Properties

GaN and AlGaN in the wurtzite crystal structure are commonly used as

HEMT materials. The crystalline structures of GaN and AlGaN belong to

the 186 and 156 space groups, respectively, which has a single symmetrical

polar line. Both crystals demonstrate spontaneous polarization along the

polar line under stress-free conditions. The polarization can be calculated

from a combination of the elastic coefficients and piezoelectric coefficients.

Also, because there is no symmetrical center in the crystal structure, it has

a piezoelectric without applying an external electric field [91]. The total

polarization field of is given by:

Ptot = PPZ + PSP (2.3)

where Ptot is total polarization, PPZ is polarization due to piezoelectric ac-

tivity, and PSP is the spontaneous polarization.

There is a deviation from the ideal configuration of the wurtzite crystals

induced by dopants. The strength of the spontaneous polarization field is

determined by the ionicity of the chemical bonds and the presence of a lo-

cal symmetry break, such as the deformation of the bonding tetrahedra in

fourfold coordinated compounds. These facts enabled the development of

point-charge models for spontaneous polarization [72]. When the piezoelec-
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tric coefficients are determined, then the spontaneous polarization can be

calculated as following:

PSP = e33εz + e31(εx + εy) (2.4)

Where:

εz = (c− c0)/c0

is the stress along the z axis. The plane stress is given by:

εx = εy = (a− a0)/a0)

where; e33, e31 are piezoelectric coefficients. a and c are the lattice constants

of the strained layer.

The parameters of polarization of GaN from literature are listed in Table

3 below, which will be used to compare with our results in chapter 4.
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Table 3: Polarization parameters for GaN (C/m2):

Parameter Experiment Theory Reference

Spontaneous polarization
-

0.029
-0.034
-0.029

[12]

Piezoelectric constant (z) (e33)

1
0.65
0.43

-
-
-

0.73
1.27
0.67
0.63
0.43
0.65

[12][121]
[104]
[160]
[149]
[160]
[104]

Piezoelectric constant (x,z) (e31)

-0.36
-0.33
-0.22

-
-

-0.49
-0.35
-0.34
-0.37
-0.32

[66]
[104]
[160]
[13]
[166]

2.4 GaN High Electron Mobility Transistor (HEMT)

HEMT stands for High Electron Mobility Transistor. The device is a

field effect transistor (FET) with an unusually narrow channel, allowing it to

operate at very high frequencies. Aside from the high frequency performance,

the HEMT has a very low noise performance. Instead of using a doped region

as in conventional MOSFETs, HEMTs use a heterojunction between two

materials with different band gaps (e.g., GaN and AlGaN) as the channel.

As a side note, the GaN-AlGaN heterojunction will typically also contain a

two-dimensional electron gas (2DEG). Because of the above features, HEMTs

are typically used in high power switches and power converters.
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Si-based power switches are unlikely to be used in HEMTs for power

conversion because they are not capable of achieving the required high system

efficiencies and power densities [73].

Wide band gap (WBG) materials such as GaN and SiC offer significant

advantages over Si in power semiconductor applications. The highest thermal

conductivity material is SiC, while GaN has the largest band gap and electron

mobility. The potential of WBG material-based switching devices has been

extensively researched over the last few years [157] . When designed properly,

these devices not only replace existing power conversion systems, but also

provide new opportunities for optimizing some existing power electronics

systems.

SiC-based devices perform significantly better than Si-based devices in

high-power (over 600 V) applications and are currently considered to be the

most appropriate devices for efficient power conversion at the aforementioned

voltage level. However, the supply of high-quality materials for SiC-based

devices is quite limited, increasing the cost of these devices [146].

As a result, GaN-based devices are also being considered as a promising

replacement for silicon-based devices in low to medium voltage applications.

GaN-based power switching devices are commercially available and feature

an operating voltage range of 100 to 1200 V, a high switching frequency and

operating temperature, and low switching losses [69].
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2.5 Effect of Doping on Gallium Nitride

There are two categories of semiconductor: donors and acceptors. Donors

are atoms with one or more additional electrons in the outer shell compared

to atoms in the host material. In comparison, acceptors are atoms with

fewer electrons in the outer shell. Thus, donor dopants can deliver a large

number of electrons to a material and fill the vacancy. One of the most crucial

requirements for donor or acceptance atom is that they must establish shallow

energy levels in forbidden region to provide a sufficient amount of electron

and space in the material at room temperature [123].

Because of the very large energy band gap of GaN (3.5 eV), the concentra-

tion of internal charge carriers is very small. In order to form a PN junction

and thus a functional semiconductor device, as with other semiconductor

devices, dopants with shallow energy levels must be included. It must be

noted that GaN is never free from impurities during the growth process. An

effective p-type dopant has more problems due to it is deep deep acceptor in

the sense that the hole localizes than the n-type doping due to the presence

of N vacancies in GaN [123, 147].

Several elements in groups II and IV of the periodic table have been

tested as dopants. After the first experiments with Zinc (Zn), Cadmium

(Cd), Beryllium (Be) [50], and Magnesium (Mg), they established them-

selves as p-type dopants [17]. Mg is an element of the IIA group, an alkaline
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earth metal with an atomic number 12. When it replaces Ga in GaN, it acts

as an acceptor. Mg atoms are known to pass Hydrogen, which is available

as a carrying gas. Increasing heat or Low-Energy Electron Beam Irradia-

tion (LEEBI) must be used to decompose Mg-H plots. LEEBI levels have

increased from 2× 1015 cm−3 to 3× 1018cm−3 [117].

Silicon is commonly used in many electronic device, a member of the

IVA group, atomic number 14. Because Si is located between the group

III Ga and N group V in the periodic table, it can work as a donor or as

an acceptor depending on which atom it substitutes for. However, earlier

calculations have indicated that Ga replacement is preferred [114]. Thus,

after the exchange, the donor rate is only produced at 30 meV of the The

ionization energy under the transmission band [114]. Oxygen is a member

of the VA group that replaces N and acts as a donor with a minimum of

33 meV of The ionization energy [114]. Carbon is just above Si in the IVA

group of the periodic table and has hole property like dopant. Previously,

C was considered a donor dopant of the p-type, but all efforts to obtain the

p-type GaN:C produced strong semi-insulating layers. Controversy exists

over whether C creates a minimum or depth of acceptance in the gap due to

limited studied [178] [182].
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2.6 Broader Applications of GaN

Recent advancements in GaN material technology have created new op-

portunities for innovation in power electronics and other fields, owing to

the semiconductor’s significant advantages over silicon in terms of power ca-

pability, fast switching, extreme temperature tolerance, and high frequency

operation. These characteristics enable the development of devices that are

smaller, more efficient, and more robust, while also consuming less power

and being less expensive. GaN has numerous applications in the following

areas:

2.6.1 Motor drivers

Packing weights and energy efficiencies are the main objectives of driving

equipment such as pumps for cooling, heating, ventilation, and air condition-

ing (HVAC). Recently, a single-phase DC drive system based on GaN was

under study and analysis [97]. The overall performance of the engine system

was determined by comparing a GaN-based engine to a Si based engine. In

comparison to Si, the basic GaN converter had very little transmission loss

over a wide range of engine speeds [97].
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2.6.2 Electric cars

Electric vehicles (EVs) make extensive use of power device semiconduc-

tors, battery chargers, and other devices connected to standard DC voltage

buses. Li (lithium-ion) or NiMH (nickel hydride metal) battery do not allow

for higher energy densities compared to conventional fuel tanks. The con-

verter and its cooling system often take up limited resources (both volume

and weight) [14].

2.6.3 Modern system of lighting

GaN devices are becoming increasingly attractive for use in using LED

controls because of their ability of greater efficiency, and greater power den-

sity. In [45], a 20 Watt float converter that was built. The authors also

decided to use a GaN-based powered transistors for optimal conversion per-

formance in the megahertz range [45].
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CHAPTER 3

COMPUTATIONAL METHODS

3.1 Multiscale Methods Based on Simulation Methodology

The multiscale approach involves the investigation of a system using a

variety of models with varying degrees of resolution and complexity. Analyt-

ically or numerically, the various models are linked together. For instance,

one can investigate the mechanical behavior of solids simultaneously using

both atomistic and continuum models, with the constitutive relations re-

quired in the continuum model computed from the atomistic model. The

hope is that by employing a multi-scale (and multi-physics) approach, one

can strike a balance between accuracy (which favors detailed and microscopic

models) and feasibility (which favors using less detailed, more macroscopic

models) [11, 151, 185, 187, 188].

Techniques capable of addressing large length and time scales, have been

developed in computational nanotechnology for the design of novel nanoscale

materials and devices [159]. Multiscale methods can be divided into two

groups: hierarchical and concurrent [3, 21, 31, 36, 61, 176, 186, 189, 190].

Hierarchical methods are based on the more abstract properties of a scale

model, such as a molecular dynamics (MD) model. The atomic proper-
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ties of the material are described using a continuum model, and then em-

bedded in space using a homogenization technique. Disparate multiscale

methods include multiscale quasi-continuum methods [31] and Galerkin dis-

continuous methods within the context of the heterogeneous multiscale sys-

tem [190]. Xiao and Yang suggested nano-sized particle-less methods with

a temperature-dependent homogenization for nanoscale continuum modeling

and simulations [190].

Several concurrent multiscale techniques have been developed in recent

years which pair continuum and molecular models in particular. Wagner and

Liu [186] developed a method that decomposes molecular displacements into

fine scale (molecular) and coarse scale (coarse or continuum). Belytschko

and Xiao [61, 188] created a continuous bridging domain to MD.

A concurrent multiscale approach can cover a variety of length scales

from atomic to microscopic to macroscopic in size. Unfortunately, due to

their computational limitations, multiscale approaches still require extensive

computation for large-atom simulations, although such limitations are much

smaller than those associated with MD simulations. Due to the extensive

computational needs, a single-processor machine is barely adequate for simu-

lations involving few thousand of atoms. The constraint in computing ability

inevitably motivates the development of alternative approaches to comput-

ing, and the advent of Grid-based distributed computing. Yanovsky [61]
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used parallel computing technology to research and promote the properties

of polymer composite materials. Reference [100] implement their continu-

um/atomic coupling algorithm in the Structural Adaptive Mesh Refinement

Application Infrastructure (SAMRAI) on a parallel computer, and then study

the evolution of two-dimensional cracks. However, most current works are

not based on how to build the most efficient HPC algorithm.

Therefore, based on the concept of concurrent multiscale techniques, we

develop a new chain of methods for bridging ab initio atomistic level to

microscopic engineering device level based purely on simulation methodology

for the first time that can generate and predict device parameter values. This

approach is defined in the following sections where we introduce the method

and packages used in the proposed multiscale scheme in this project.

3.2 Density Functional Theory

Density functional theory (DFT) is used to calculate the electronic struc-

ture of a material at the atomic level based on quantum mechanics. It is used

to determine the configurations of atoms and molecules in solid-state physics

and quantum chemistry. This theory explained the complicated N-electron

wave functions that emerge from the N-electron density [125].

The Hohenberg and Kohn (H-K) reference [67] is just one of the main

contributions to lead the development of DFT. The H-K theorem requires
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density of electrons rather than the many electron wave function. V (r)

and electron number N to determine the characteristics of materials. The

external potential Vext(r) uniquely determines the electron density n(r). H-

K considered two external potentials, such as Vext(r) and V ′ext(r), which differ

by a constant and have the same electron density, n, for its ground state.

This would lead to two Hamiltonians H and H ′ with the same ground-state

densities, but with different normalized wave functions. Two possible ground

state energies, E0 and E ′0, would come from the two Hamiltonians with two

separate sets of coupling constants.

E0 <
〈
ψ′|Ĥ|ψ′

〉
=
〈
ψ′
∣∣∣Ĥ ′∣∣∣ψ′ > +

〈
ψ′
∣∣∣Ĥ − Ĥ ′∣∣∣ψ >

= E ′0 +

∫
n(r) [Vext(r)− V ′ext(r)] dr

(3.1)

E ′0 <
〈
ψ
∣∣∣Ĥ ′∣∣∣ψ〉 =

〈
ψ|Ĥ|ψ > + < ψ

∣∣∣Ĥ ′ − Ĥ∣∣∣ψ >
= E0 −

∫
n(r) [Vext(r)− V ′ext(r)] dr

(3.2)

Adding 3.1 and 3.2 to get:

E0 + E ′0 < E ′0 + E0 (3.3)

The first H-K theorem suggested that the electron density determined

the ground state energy and wave function of a system. The ground state

energy for any external potential function is therefore given by the charge
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density function n(r) [67] according to:

EV [n(r)] =

∫
n(r)Vext(r)dr + FHK [n(r)] (3.4)

The universal functional FHK [n(r)] is the kinetic energy functional of

a non-interacting auxiliary system T [n(r)] plus the electron-electron inter-

action functional V [n(r)] including the interacting part of the true kinetic

energy functional. It is understood that F [n(r)] is a universal function and

if it is known, it can be generalized to any physical system of electrons inde-

pendent of the external potential Vext(r).

FHK [n(r)] = T [n(r)] + Vee[n(r)] (3.5)

where,

Vee = J [n(r)] + Encl (3.6)

and,

J [n(r)] =
1

2

∫∫
n(r)n (r′)

|r − r′|
drdr′ (3.7)

J [n(r)] is a classical Coulomb repulsion concept and the non-classical Encl

plays a fundamental role in describing in the electron-electron interaction.

The second H-K theorem gives the sum of energy required to obey the
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variational theory to satisfies the following expression [67]:

n(r) ≥ 0 and

∫
n(r)dr = N,E0 ≤ EV [n(r)] (3.8)

E0 =

∫
n0(r)Vext(r) + FHK [n0(r)] (3.9)

However, the implied form Encl is not recognized in FHK because the exact

form of the function is unknown. H-K theorem does not give a procedure

method for its calculation.

From H-K theory Kohn and Sham (K-S) created a scheme to deal with an

inhomogeneous system of interacting electrons. The density of an auxiliary

non-interacting electron system was calculated as if it was the same as the

interacting system. K-S cite electron-electron interaction as a major contrib-

utor to kinetic energy [82]. Ts is the average kinetic energy of the system is

expressed by:

F [n(r)] = Ts[n(r)] + J [n(r)] + EXC [n(r)] (3.10)

Using Equation (2.5), we find:

EXC [n(r)] = [T [n(r)]− Ts[n(r)]] + [Vee[n(r)]− J [n(r)]] (3.11)
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Solving Equation 3.6 gives:

EXC [n(r)] = [T [n(r)]− Ts[n(r)]] + Encl (3.12)

Taking the difference of T [n(r)] and Ts[n(r)] gives the energy contributed

by an interacting system. EXC [n(r)] is the exchange-correlation functional

that combines the interacting component of the true kinetic energy, the self-

interaction, and exchange and other correlation effects into the potential

energy. For genuinely interacting processes, the expression uses the equation

(3.5).

EV [n(r)] =

∫
n(r)Vext(r)dr + Ts[n(r)] + J [n(r)] + EXC [n(r)] (3.13)

To minimize energy functional, stationary states should be achieved at

the ground state density.

δ

{
EV [n(r)]− µ

[∫
n(r)dr −N

]}
= 0 (3.14)

This produce the Euler-Lagrange equation:

µ =
δEV [n(r)]

δn(r)
(3.15)

By using Equation 3.12 we get:
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µ = Vext(r) +
δTs[n(r)]

δn(r)
+

∫
n (r′)

|r − r′|
dr′ + VXC (3.16)

Reorganizing the equation above, we get:

µ = Veff (r) +
δTs[n(r)]

δn(r)
(3.17)

Where,

Veff = Vext(r) +

∫
n (r′)

|r − r′|
dr′ + VXC(r) (3.18)

The exchange-correlation potential is an inverse ratio of a local potential

known as the K-S potential.

VXC(r) =
δEXC [n(r)]

n(r)
(3.19)

When applied to non–interacting electrons under the effect of external

potential Veff (r). By solving the Schrodinger’s equation for given Veff (r).

We can find an expression that can solve and satisfy the equation (3.7).

−1

2

[
∇2 + Veff (r)

]
ψi(r) = εiψi(r) (3.20)

The value of ψi(r) obtained from equation (3.20) is used to calculate the

electron density as following:
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n(r) =
N∑
i

|ψi|2 (3.21)

Equations from (3.18) to (3.21) are known as the K-S questions. The

electron densities are calculated first, and then the effective potential, and

then K-S equation are solved to produce a representation of the many-body

electron wave function. If all the quantities are self-consistent, then it is

possible to calculate other quantities including total energy, force, density of

states, optical properties, etc. The K-S approach is complicated because it

involves an undefined exchange-correlation functional that cannot be deter-

mined by analytic means. The exchange-correlation functional contains both

an exchange and a correlation component. The exchange interaction occurs

due to Pauli’s exclusion principle. The correlation energy is produced, in

part, by correlated electron motion that is not accounted for by the mean

field of the charge density.

One approach to defining the exchange-correlation functional is the so-

called local density approximation (LDA) [155]. In this approximation, a

dense mesh of sampling points are used to calculate the exchange-correlation

energy of those points using only the electron density at the points. This is

the reason why ’local’ was used in this approximation. The LDA exchange-

correlation functional is measured as
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EXC(n) =

∫
n(r)εXC [n(r)]dr (3.22)

where εXC is the exchange-correlation energy of each electron in an elec-

tron gas at a certain density.

LDA can explain many of the ground state properties of many-electron

systems and has been used in solid state physics for a long time. The LDA

correctly approximates the energy of the system when the density is uniform.

LDA is simple and cost-effective compared to other approximations. Its

precision is not as good as other methods, but its errors tend to be consistent

and predictable.

However, in a system where the density varies quickly, the LDA approx-

imation cannot be as accurate as desired. Although LDA considers uniform

density at a point r, most real systems have different densities at different

locations. As such, gradients in electron density should be included in cal-

culating the exchange–correlation energy functional. Using the gradient the

exchange-correlation energy functional is expressed as (3.23).

EG
XCGA[n(r)] =

∫
drf(n(r),∇n(r)) (3.23)

where f(n(r)) is a function of the local density and the gradient. Equation

(3.23) is the so-called Generalized Gradient Approximation (GGA). There are
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a variety of GGA methods such as PBE introduced by Perdew, Burke and

Ernzerhof [130], B3LY P introduced by combination of Becke’s three param-

eter hybrid system [10] with Lee, Yang, and Parr [64, 96], etc. PBE is more

common in physics, while B3LY P is more commonly found in chemistry.

3.3 Hybrid Density Functional theory

There are significant issues with LDA and GGA functionals. In such

functionals, partially filled d and f electron orbitals are not adequately treated

due to their exceptionally strong electron correlations and relativistic effects.

This problem causes underestimation in the band gap for the materials with

d and f orbitals. To address this issue, hybrid functionals were proposed that

combined the Hartree-Fock (HF) and DFT approach [58]. The HF method

includes an exact representation of the exchange term but does not include

any correlation effects.

Hybrid functionals often use PBE, which contributes an exchange-correlation

term, that can be linearly mixed with a HF term. (Note that based on exten-

sive testing, the mixing coefficient is typically chosen to be 0.25 by default but

that it can be changed by a user to improve agreement with experimentally

determined band gaps) [130].

EPBE0
xc = aEHF

x + (1− a)EPBE
x + EPBE

c (3.24)
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where EPBE0
xc , EPBE

x , EPBE
c , and EHF

x are the hybrid PBE exchange-

correlation energy, the PBE exchange part, the PBE correlation part, and

the HF exchange part, respectively.

The hybrid PBE0 exchange functional can be expressed as following:

EPBE0
x = aEHF

x + (1− a)EPBE
x (3.25)

By dividing the exchange function components into long-range and short-

range terms, we get:

EPBE0
x = aEHF,SR

x (ω) + aEHF,LR
x (ω)

+ (1− a)EPBE,SR
x (ω) + EPBE,LR

x (ω)− aEPBE,LR
x (ω)

(3.26)

The long range PBE and HF exchange contributions will cancel each

other when the Hartree-Fock screening parameter is set to 0.15 (ω = 0.15)

[175]. Therefore, we obtain the hybrid functional (HDFT). This new HDFT

is also so-called the Heyd, Scuseria and Ernzerhof (HSE) functional that can

be expressed as [68, 81, 92]:

EHSE
xc = aEHF,SR

x (ω) + (1− a)EPBE,SR
x + EPBE,LR

x (ω) + EPBE
c (3.27)
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In the present work, five packages based on DFT were used: the Vienna ab

initio simulation package (VASP) [158], the Python toolkit for modeling point

defects in semiconductors and insulators (PyCDT) [19], the Phonopy package

[165], the orthogonalized linear combination of atomic orbital (OLCAO) [34],

and Technology Computer-Aided Design tool (Silvaco TCAD) [138]. Details

about these packages is discussed in the five sections.

3.4 Vienna ab initio Simulation Package (VASP)

The Vienna ab initio simulation package (VASP) was originally devel-

oped by Kresse and coworkers in 1993 [86]. It is a popular software pro-

gram which uses first-principles for quantum mechanical molecular dynamics.

VASP can solve the Schrödinger equation with different approaches such as

density functional theory (DFT) using Kohn–Sham equation, Hartree–Fock

approximation using Roothaan equation, as well as hybrid functionals mix-

ing Hartree–Fock with DFT. In addition, Green’s function methods and

many-body perturbation theory are also available in VASP. VASP utilizes

a plane wave basis set and this allows efficient wave-function transforma-

tion by Fourier transformation between real and reciprocal space using Fast

Fourier Transform (FFT) technique.

All-electron calculations in a plane wave basis are impractical. Therefore,

pseudopotentials are used instead of exact potentials near atomic nuclei. The
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idea of a pseudopotential is that it ignores some core level nodal features and

emphasizes the part where chemical bonds between two atoms occur, which

happens a certain distance away from the nucleus. The pseudopotential of the

cutoff radius will be reproduced at the exact potential. There are three ways

to create potential functions for use in VASP; norm-conserving pseudopo-

tentials [89], ultra-soft Vanderbilt pseudopotentials [88, 167], and projector-

augmented wave (PAW) pseudopotentials [16, 90]. All three methods have

frozen core in which core electrons in atomic environment are calculated be-

forehand, kept frozen for the calculations. PAW represents true orbital using

combination pseudo part expressed in plane waves basis and use additional

basis localized function expressed in radial logarithmic grids, which will re-

tain nodal features, which can represent very fine features. We have used

non-equilibrium PAW potential with gradient correction for exchange inter-

action functional PBE developed by Perdew, Burke and Ernzerhof [3]. It is

one of the best generalizations available in VASP. However, PBE is frequently

considered superior in terms of computational expense.

Geometric optimization is one of the essential steps before starting the

measurement of other properties, as the initial structure of the material given

might not be correct. For geometric optimization, VASP has the capability

to monitor the movement of ions to some degree. In geometric optimization,

first force is measured on each ion and stress tensor of the simulated cell.
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Then the quasi-Newton algorithm uses force and stress tensor to find direc-

tions to balance. This algorithm works quickly, but if the initial structure is

not stable, the structure will be inequilibrated. In the case of unreliable initial

structure, the conjugate gradient algorithm is used, but it works slowly. IN

Addition to geometry optimization, VASP was used for elastic and mechani-

cal properties calculations, Piezoelectric calculations, and optical properties

calculations.

3.4.1 Elastic and Mechanical Properties Calculations

The mechanical and elastic properties of materials are critical to under-

standing their behavior for future implementation. Technological advances

and more detailed methodology also provided the opportunity to more pre-

cisely predict mechanical properties of the materials [179]. The measurement

of the elastic constant involves two different methods for ab initio calcula-

tions. The first method is based on the analysis of the total energy of a

crystal as a function of its volume or pressure. The overall energy EV,ε of the

crystal can be expressed as:

E(V, ε) = E (V0) + V
6∑
i=1

σiεi +
V

2

6∑
i,j=1

Cijεiεj + · · · (3.28)

Where, where, Cij are the elastic tensors, εi are strain components, and σi

are stress components. Minimum elastic constants are derived by matching
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the total energies calculated under various strains to a parabola near the

energy minima [154].

The second method is based on a stress–strain relationship created by

Nielson and Martin [118]. The first step of this approach is to fully optimize

the atomic structure of the system. Then, applying small strain ε to the

optimized structure. Next, we use Hooks law,

σi =
6∑
j=1

Cijεj (3.29)

where, under a small deformity and elastic Cij, a stress component of σi

(i = 1−6) depends linearly on the applied strain of εj(j = 1−6). The above

equation contains six sets of linear equations with six stress elements, and

21 elastic constants [Cij = Cji].

Three methods for the measurement of bulk mechanical properties using

the elastic tensor are Voigt, Reuss, and a Voigt–Reuss–Hill approximation.

Voigt’s methods [171] is used to compute upper limit of bulk modulus

KV oight and shear modulus GV oight as following:

KVoight =
1

9
(C11 + C22 + C33) +

2

9
(C12 + C13 + C23) (3.30)

GVoight =
1

15
(C11 + C22 + C33 − C12 − C13 − C23) +

1

5
(C44 + C55 + C66)

(3.31)
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Reuss methods [135] is used to compute the lower limit of bulk modulus

KReuss and shear modulus GReuss.

KReuss =
1

(S11 + S22 + S33) + 2 (S12 + S13 + S23)
(3.32)

GReuss =
15

4 (S11 + S22 + S33)− 4 (S12 + S13 + S23) + 3 (S44 + S55 + S66)

(3.33)

Both Voigt and Reuss methods were averaged by Later Hill, and is known

as Voight– Reuss–Hill approximation (VRH) [66].

K =
KVoight +KReuss

2
(3.34)

G =
GVoight +GReuss

2
(3.35)

E =
9KG

3K +G
(3.36)

where, E is Young’s modulus.

η =
3K − 2G

2(3K +G)
(3.37)
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Where, η is Poisson’s ratio.

The P-wave modulus (M), also known as the longitudinal or constrained

modulus, is defined in a uniaxial strain state as the ratio of axial stress to

axial strain [148], which is also computed in this work. It is derived from

elastic wave propagation theory, which is founded on elastic mechanics . It

can be expressed as:

M = ρV 2
p = λ+ 2µ (3.38)

Where M is the P wave modulus ρ is the density, Vp is the P wave velocity,

and λ and µ are the Lamé constant.

3.4.2 Piezoelectric Properties Calculation

Piezoelectricity is a reversible physical process that occurs in certain ma-

terials where an electrical moment occurs when stress is applied. On the other

hand, the indirect piezoelectric effect refers to the case where the strain is

induced by the application of the electrical field. Mathematical definition

of piezoelectricity places stress on the electrical field by means of a third

order tensor. Piezoelectric materials are used as sensors that respond to me-

chanical stress and the electrical field. The piezoelectric constants are cal-

culated based on the fundamentals of density functional perturbation theory

(DFPT) [9] and includes the electronic and ionic contributions. Properties

such as maximum longitudinal piezoelectric module and crystal-oriented di-
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rection are derived from the complete piezoelectric tensor. Multiple different

analytical methods are used to verify the piezoelectric data measured and to

ensure its reliability and accuracy.

In this work we evaluate piezoelectric stress coefficients eTijk from DFPT

with units of C/m2. These piezoelectric stress coefficients can be calculated

by using the thermodynamic derivatives as following [120]:

eTijk =

(
∂Di

∂εjk

)
E,T

= −
(
∂σjk
∂Ei

)
ε,T

(3.39)

where, D is the electric displacement field, E is the electric field, ε is the

strain tensor, σ is the stress tensor, and T is the temperature.

The above mathematical expression in the form of Voigt-notation is:

eTij =

(
∂Di

∂εj

)
E,T

= −
(
∂σj
∂Ei

)
ε,T

(3.40)

The most frequently used piezoelectric constants appearing in experimental

studies are piezoelectric strain constants, typically represented by dijk. At

constant electrical field and temperatureof the materials, the eijk can be

easily linked to the elastic conformances sTlmjk via the definition:

dTijk = eilms
ET
lmjk (3.41)

In particular, thermodynamic expression of the piezoelectric strain con-
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stants can by expressed by:

dTkij =

(
∂εij
∂Ek

)
σ,T

=

(
∂Dk

∂σij

)
E,T

(3.42)

Only crystalline materials that lack inversion symmetry can generate

piezoelectric behavior. This relates to the symmetry properties of the piezo-

electric tensor in third order. With these three criteria, a number of piezo-

electric materials and compounds are limited.

3.5 Python Toolkit for Modeling Point Defects in

Semiconductors and Insulators (PyCDT)

Defects in semiconductors and insulators affect a variety of mechanical,

transport, electrical, thermal and optical properties [23, 108, 136, 144, 153].

Because it is sometimes difficult to measure these properties using experi-

mental data [51, 144], simulation methodologies have been widely applied.

Many new applications such as lanthanide-doped scintillators [30, 42], trans-

parent conducting oxides [94, 141, 168], photovoltaic materials [177, 197],

and thermoelectric materials [133, 199] have gained from exploiting theory

for predicting point defect properties.

PyCDT can be used to investigate the dopability of materials at the

atomic scale [51, 95, 128, 198]. However, due to the inaccuracy of the re-

lated charged DFT calculations, the applications of charged DFT in high-
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throughput systems are constrained. First, semi-local exchange approxima-

tions (e.g., GGA) [95, 133, 198] may severely underestimate the band gap so

that post-DFT methods become pivotal (e.g., GW [55, 101, 119], GGA+U

methods [46, 103], and hybrid functionals [184]). Secondly, the periodic

boundary condition is applied together with the finite size defect supercell

to simulate the point defect, so that the point defect will interfere with its

own image in the replicated cell, thereby modifying the hypothesis on the

formation energy [25, 51]. For charged point defects, the need to fix the

electrostatic potential is also a result of the finite-sized supercell assumption

[51, 95]. The strongest defect–defect interaction is between a charged point

defect and another charge defect. Based on scaling laws, the interactions

between defects were first modeled using a computationally intensive super-

cell scaling approach, which required several calculations for each defect [25].

A more effective way to extract the defect structure energy came into being

with simulation techniques. Although the a posteriori correction allows fewer

calculations to be performed, they are more challenging to apply to a defect

wavefunction that has been delocalized. The calculations are also compli-

cated because of the complicated steps involved in processing the data. To

solve these problems, PyCDT was developed by Danny Broberg and his col-

leagues [20]. It is a powerful software tool to find material defects. PyCDT

is a python-based tool to simplify the setup and study of DFT measurements
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of isolated intrinsic and extrinsic point defects in semiconductors and insu-

lators [59, 127, 195]. Despite similar efforts made available recently, PyCDT

is unique in its direct queries to the Materials Project database (helping

measure chemical potential and stability for PBE calculations) [130]. The

referenced paper aims to evaluate the relative stability of different defect

charge states in metallic systems. PyCDT makes use of the defect formation

energy formulation to minimize the errors that occur from the anisotropic

boundary conditions, PyCDT recognizes the widely used correction scheme

of Freysoldt et al. [52] and its extension to anisotropic systems Kumagai and

Oba [93]. PyCDT interfaces and uses Vienna Ab initio Simulation Package

(VASP) [86, 87] as a backend DFT program. In this study we use PyCDT to

generate supercell models with different substitutional dopant point defects.

3.6 Phonopy Package

DFT calculation of solids provides the energy and stress throughout the

system, as well as the forces acting on the atoms. Structures are obtained

through minimization of the residual forces and optimization of the stresses.

The applied forces on all atoms in the crystal increase when an atom in a

crystal is displaced from its equilibrium position. Utilization of a systematic

set of displacements to determine frequency of phonons. Phonon calculations

can be achieved using either the finite displacement method (FDM) [86, 124]
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or the density functional perturbation theory (DFPT) [54, 57]. Phonopy [29,

76, 165] is an open-source code allowing for easy and robust first principles

phonon calculations. This can also be used to obtain the force constant for

FDM and DFPT. The information of phonon calculations are beneficial for

researching thermal properties, mechanical properties, phase transitions, and

superconductivity. In crystals, it is assumed that atoms move around their

equilibrium positions with displacements u(lk), where l represent the labels

of unit cells and k is atoms in each unit cell. The potential energy Φ is

represented by an analytical function of the displacement of atoms as:

Φ =Φ0 +
∑
lκ

∑
α

Φα(lκ)uα(lκ)

+
1

2

∑
ll′κκ′

∑
αβ

Φαβ (lκ, l′κ′)uα(lκ)uβ (l′κ′)

+
1

3!

∑
ll′l′′κκ′κ′′

∑
αβγ

Φαβγ (lκ, l′κ′, l′′κ′′)× uα(lκ)uβ (l′κ′)uγ (l′′κ′′) + · · ·

(3.43)

where α, β, γ are Cartesian indices. The expansion coefficients Φ0,

Φα(lκ), Φαβ (lκ, l′κ′) , and, Φαβy (lκ, l′κ′, l′′κ′′), are the zeroth, first, second,

and third order force constants, respectively. For small displacements at

constant volume, the second-order terms are solved using the harmonic ap-

proximation, and perturbation theory is used for the higher-order terms.

An element of second-order force constants Φαβ (lκ, l′κ′) with a force of
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Fα(lκ) = − ∂Φ
∂uα(lκ)

is obtained by:

∂2Φ

∂uα(lκ)∂uβ (l′κ′)
= −∂Fβ (l′κ′)

∂uα(lκ)
(3.44)

Crystal symmetry is intended to enhance the accuracy of the force con-

stant as well as reducing the computational expenses. The more details about

these force constants calculations can be found in references [29, 164].

The dynamical property of atoms in the harmonic approximation is deter-

mined by calculating the eigenvectors of the dynamical matrix D(q) [27-30].

D(q)eqj = ω2
qjeqj, or

∑
βκ′

Dαβ
κκ′(q)eβκ

′

qj = ω2
qje

ακ
qj (3.45)

Where,

Dαβ
κκ′(q) =

∑
l′

Φαβ (0κ, l′κ′)√
mκmκ′

eiq·[r(l
′κ′)−r(0κ)]

(3.46)

where mκ, q, and j, are the mass of the atom κ, the wave vector, and

and band index, respectively. ωqjand eqj are the phonon frequency and po-

larization vector of the phonon mode, respectively. The eigenvalues ω2
qj are

real because D(q) is a Hermitian matrix. Also, D(q) is usually arranged to

be a 3na× 3na matrix [109], where 3 and na are the degree of freedom of the

Cartesian indices for crystal and the number of atoms in a given unit cell.

Thus eqj will be a complex vector with 3na elements. In addition, eqj is nor-

malized to be 1, i.e.,
∑

ακ

∣∣eακqj ∣∣2 = 1.eqj includes collective atom movement
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details. This can be defined as a set of atomic displacement vectors,

[u(l1), . . . ,u(lκ)] =

[
A√
m1

e1
qje

iq·r(l1), . . . ,
A
√
mna

ena
qje

iqr·r(lk)
]

(3.47)

where A is the complex constant, and eκTqj =
(
eχκqj , e

yκ
qj , e

zκ
qj

)
.

The phonon density of states (DOS) is expressed as following:

g(ω) =
1

N

∑
qi

δ (ω − ωqj) (3.48)

where N represents the number of unit cells in crystal. g(ω) is normalized

by dividing by N, so the integral over frequency gives 3na. The phonon band

structure obtain theoretically can be directly compared with experimental

data obtained by either neutron or X-ray inelastic scattering. They often

show good agreements[76, 84, 85].

The projected phonon DOS along a unit direction vector n̂ for a specific

targeted atom is defined as:

gκ(ω, n̂) =
1

N

∑
qj

δ (ω − ωqj)
∣∣n̂ · eκqj∣∣2 (3.49)

The gκ(ω, n̂) value can be directly compared to the obtained results mea-

sure via means of nuclear-resonant inelastic scattering using synchrotron ra-

diation.

Once phonon frequencies over Brillouin zone are calculated, we use the
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canonical distribution in statistical mechanics for phonons under the har-

monic approximation, the energy E of phonon system is defined as

E =
∑
qj

~ωqj

[
1

2
+

1

e(~ωqj/kBT ) − 1

]
(3.50)

where T is the temperature, kB is the Boltzmann constant, and ~ the

reduced Planck constant.

3.7 Orthogonal Linear Combination of Atomic Orbitals

(OLCAO)

A Linear Combination of Atomic Orbital method was used during the

research, which was derived, modified, and developed by Professor Wai-Yim

Ching and Professor Paul M. Rulis of the University of Missouri-Kansas City

[33, 34]. The OLCAO package is based on local density approximation (LDA)

of density functional theory (DFT). The optimized structure obtained using

VASP was used as input in the OLCAO package electronic structure calcu-

lations such as Density of sates, band structure, dielectric function, splitting

energy, crystal field energy, etc. The OLCAO package uses extended Gaus-

sian basis as atomic orbitals. OLCAO has showed a great success in com-

puting electronic structure properties for different type of materials as well

as complex systems [33, 34, 137]. The OLCAO method expands the concept

of linear combination of atomic orbitals (LCAO) method, which construct
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the wave function for many different systems. The LCAO set the stage to

develop the orthogonalized plane wave (OPW) method Conyers Herring [63],

which enable to calculate the band structure for crystal materials for the

first time. The OPW method improved upon the LCAO method, which

then led to the development of OLCAO. The solid-state wave function ψnk

within the OLCAO methods description is expanded term of Bloch function

as following:

ψnk(r) =
∑
i,γ

Cn
iy(k)biγ(k, r) (3.51)

where, γ is represent number of atoms, n is band index and k is wave vector.

i represents collective orbital quantum numbers of atoms. The Bloch sum

biγ(k, r) is defined as:

biγ(k, r) =

(
1√
N

)∑
v

ei(k·Rv)ui (r −Rv − tγ) (3.52)

Where Rv is lattice vector, tγis vector pointing to the position of γth atom

in the cell and ui (r −Rv − tγ) are the atomic orbitals and consists of radial

and angular part

ui(r) =

(
N∑
j=1

Ajr
n−1e−αjr

2

)
· Ylm(θ, φ) (3.53)

where i represents the collective quantum number n, m, and l. the sum

of the radial part
∑N

j=1Ajr
n−1e−αjr

2
represents the linear combination of N
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cartesian Gaussian type of orbitals (GTOs), while Ylm(θ, φ) is the angular

part consisting the real spherical harmonics.

The product of two GTOs produce a new GTO function of higher angular

order which simplifies the computation of their integrals. On the basis of

experience, the N number of GTOs and the α set are chosen. α are segregated

between αmin, αmax, and N in geometrical series. In periodic tables, their

values vary for each element. the αmin and αmax ranges from 0.1 to 0.15, from

106 to 109, and from 16 to 30, respectively. The OLCAO package contains

the database for these parameters. The same set αj can be used to reduce

the computational resources expense for all atoms of the same elements for

all orbitals with different quantum number. The equation (3.44) include the

core level orbitals, the occupied valence orbitals, and a variable number of

additional empty orbitals. There are basis included in the OLCAO methods

that depends on the complexity of the system: minimal basis (MB), full basis

(FB), and extended basis (EB). MB is feasible for large amorphous systems.

In MB core orbitals and orbitals in the occupied valence shell of the atom

are considered. FB is usually suitable for most systems and gives accurate

results. In FB additional empty orbitals of the next unoccupied shell is added

to MB. EB is used in particular cases such as spectroscopic calculations EB

is a case where an additional unoccupied orbital is added to the next fully

occupied shell. OLCAO is DFT package, which required to solve one-electron
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Kohn-Sham equation.

[
−∇2 + Ve−n(r) + Ve−e(r) + Vxc[n(r)]

]
ψnk(r) = En(k)ψnk(r) (3.54)

Where, the first term represents is the kinetic energy, the second term is

the electron–nuclear interaction, and the third term is the electron– electron

Coulomb interaction, is the exchange–correlation part of the potential. The

exchange–correlation potential is obtained from summation over occupied

states. Also, it depends on the electron density n(r).

n(r) =
∑
occ

|ψnk(r)|2 (3.55)

The exchange-correlation potential VXC is deducible from an exchange-

correlation energy functional εXC for the exchange-correlation energy Exc(r),

Exc = (r)

∫
n(r)εxc[n(r)]dr (3.56)

Therefore, we obtain

Vxc(r) =
d (nεxc[n])

dn
= −3

2
α

[
3

π
n(r)

]1
3

(3.57)

Where, α is approximated to 2
3 by Kohn and Sham.

Using the Bloch equation (3.44) to solve Kohn–Sham equation (3.46) we
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obtain the following equivalent secular equation.

|Hiγ,jδ(k)− Siγ,jδ(k)E(k)| = 0 (3.58)

where, Siγ,jδ(k) and Hiγ,jδ(k) are overlap and Hamiltonian matrix, re-

spectively.

Siγ,jδ(k) = 〈biγ(k, r) | bjδ(k, r)〉 (3.59)

Hiγ,jδ(k) = 〈biγ(k, r)|H|bjδ(k, r)〉 (3.60)

Note that solving equation (3.50) for large and complex system will re-

quire high computational resources (time and memory). The calculation cost

can be reduced to non-core valence electron states and unoccupied states in

FB or EB expansion because the core states of energy lower than approxi-

mately -30 eV in highest occupied states are of less importance. Therefore,

the dimensionality of equation (3.50) can be reduced using the orthogonal-

ization technique [34]. OLCAO is suitable, accurate, and fast in computing

to different electronic properties such as band structure, total/partial den-

sity of states (TDOS/PDOS), effective charge and bond order (BO), X-ray

absorption near-edge structure (XANES), the electron-energy-loss near-edge

structure (ELNES) spectra, etc. In this project, OLCAO is used to compute
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the band structure and dielectric functions. The density of states (DOS)

G(E) by definition is the number of electron states per unit energy in the

crystal. The DOS can be written as:

G(E) =
Ω

(2π)3
d

dE

∫
BZ

dk =
Ω

(2π)3

∫ (
dS

|∇E|

)
(3.61)

where, Ω is the volume of the unit cell, S includes the overlap matrix

and the integral include the constant energy surface in the Brillouin zone

(BZ). The total DOS (TDOS) can be divided into partial DOS (PDOS)

of different atomic and orbital component. This helps to provide deeper

understanding of the electronic structure of a given material. OLCAO uses

Mulliken’s population analysis scheme [116] which defines fractional charge

ρmi,α for the ith orbital in the αth atom of the normalized state ψm(r).

1 =
∫
|ψm(r)|2 dr =

∑
i,α ρ

m
i,α

(3.62)

ρmi,α =
∑

j,β C
m∗
iα C

m
jβSiα,jβ (3.63)

where, the Siα,jβ are the overlap integrals between the ith orbital in the αth

atom and jth orbital in the βth atom and Cm
jβ are the eigenvector coefficients

of the mth band, jth orbital in the βth atom. This fractional charge helps in

defining another quantity called the localization index (LI), which identifies

50



the degree of localization of a given state.

Lm =
∑
i,α

[ρmiα]2 (3.64)

where Lm is the probability density of the m state at different sites. Here,

we identified the fractional charge distributed in each orbital of each atom.

Where Lm located between 1 to N−1, and N is the total number of electron

basis functions in the structure. Lm = 1 for totally localized state where

charge is confined to a single orbital; whereas, Lm = N−1 implies a totally

delocalized state.

Optical properties of solids in OLCAO can be obtained using the complex

dielectric functions:

ε(~ω) = ε1(~ω) + iε2(~ω) (3.65)

where ε1(~ω) and ε2(~ω) are the real and imaginary part respectively of

the dielectric function. For the imaginary part ε2(~ω), inter band optical

conductivity σ(~ω) is calculated using random phase approximation.

σ1(~ω) =
2πe~2

3m2ωΩ

∑
n,l

|〈n|p|l〉|2fl [1− fn] δ (En − El − ~ω) (3.66)

where, Ω is the volume of the unit cell and fl is Fermi–Dirac function of

the occupied band state l. The energy conservation between the transition

process between the occupied state l and unoccupied state n with energy
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El and En is conserved via the δ function. For metallic system, the energy

dependent conductivity function uses Kubo–Greenwood formula [60] as ex-

tension of inter-band optical conductivity equation (3.58). The imaginary

part of the dielectric function ε2(~ω) is calculated by:

ε2(~ω) = 4π

(
σ1(ω)

ω

)
(3.67)

Then, the real part of the dielectric function varepsilon1(~ω) is calculated

from the imaginary part ε2(~ω) by using Kramers-Kronig relation [106]:

ε1(~ω) = 1 +
2

π

∫ ∞
0

sε2(~ω)

s2 − ω2 ds (3.68)

3.8 Technology Computer-Aided Design tool (Silvaco TCAD)

Silvaco TCAD is a Technology Computer-Aided Design tool [24]. With

it computer simulations may be used to develop and optimize semiconductor

processing technologies and devices based on various parameters obtained

from experimental data or ab initio calculations. It is composed of four

major modules:

(i) ATLAS : It simulates the optical, thermal and electrical activity of

semiconductor devices. It offers a flexible, physical-based, extensible

framework for studying AC, DC, and time-domain responses for all

two-and three-dimensional semiconductor-based technologies.
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(ii) ATHENA: This software is a process simulation module. Athena han-

dles simulation as a sequential order of events. It serves as an avenue

for simulating diffusion, deposition, etching and abrasion, Imprinting,

oxidation, lithography, and silicidation of semiconductor materials. Ex-

pensive physical simulations can be replaced with virtual simulations

using Athena to guide the fabrication process.

(iii) MERCURY: It is a series of device simulation products geared towards

high-electron mobility transistor (HEMT) and metal–semiconductor

field-effect transistor (MESFET) device realization, containing Fast-

DevEdit, FastNoise, Mocasim and FastBlaze. The FastBlaze computer

simulator uses physics-related simulations to produce highly precise

electrical characteristics of HEMT and MESFET devices. Mocasim

aids in calculating and analyzes the basic and essential electron trans-

port properties of wurtzite and zincblende semiconductors. The MER-

CURY architecture blends the versatility of Mocasim with the speed

of FastBlaze to perform the statistical design of HEMT and MESFET

instruments.

(iv) Virtual: Wafer Fabrication (Fab): The machine automates and em-

ulates the actual production process. They have tools that simplify

the input, execution, run-time optimization and results processing of

TCAD simulations into a standard database.
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Silvaco primarily employs physically-based simulations which differs from

conventional empirical modeling. Silvaco maps the device into a 2D grid, by

using nodes as the shape of the device. Carrier transport is simulated by

solving a series of differential equations, which are then modified onto a grid

via finite element methods. These equations include the Poisson equation,

continuous transport equation and continuity equation [1]. The physically-

based simulation is an alternative for experiments, which is faster with less

expense.

Poisson’s equation is a mathematical model that relates the changes of

electric field and electrostatic potential to the electrostatic charges including

the contribution of fixed and mobile charges and ionized traps, it can be

expressed as:

∆2φ = −∆E =
ρ

ε
= −q

ε

(
p− n+N+

d −N
−
a

)
(3.69)

where φ denotes the electric potential, E represent the electric field, ε is

the permittivity of the semiconductor, ρ is the total charge density, q is the

electron charge, p is free hole density, n is free electron density, N+
d is the

ionized donor charge density, and N−a is the ionized acceptor charge density.

By using drift-diffusion model, transport equations can be written as

Jn(x) = qµnn(x)E(x) + qDn
dn(x)
dx

(3.70)
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Jp(x) = qµpp(x)E(x)− qDp
dp(x)
dx

(3.71)

Where µn and µp denote the electron and hole mobility, Dn and Dp rep-

resent electron and hole diffusivity. The first part of the equation describes

the drift current, while the second part represents the diffusion current.

The relationship between the mobility µ and the diffusion coefficient D is

represented by the Einstein relation:

D

µ
=
kT

q
(3.72)

The carrier continuity equations for electrons and holes are is given by:

∂n
∂t

= 1
q∆.Jn +Gn − u (3.73)

∂p
∂t

= −1
q∆.Jp +Gp − u (3.74)

Where Jn and Jp are electron and hole current density, Gn and Gp are

excess electron and hole generation rate, and u is the electron-hole recombi-

nation rate.

In this project, Atlas TCAD is used to simulate a HEMT device break-

down voltage, which simulates the electrical characteristics according to the

physical characteristics and bias conditions. The Atlas software provides

insight into the internal behavior of the physical structure of the device.
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In Atlas, the following are to be identified:

(i) Physical structure.

(ii) Physical model.

(iii) Bias conditions under which electrical characteristics are to be simu-

lated.

Atlas flow scheme chart is represent in the below figure [6]:

Figure 2: Atlas inputs and outputs Scheme

There are two types of input files that can be used in Atlas:

(i) Text file: Text file contains the necessary commands to perform Atlas

simulation.

(ii) Structure: This file describes the target structure to be simulated.

Atlas produces three types of output:
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(i) Run-time output: This form of output gives you the progress of simu-

lation and the messages indicating a problem.

(ii) Log file: this file records and stores all the voltages and currents from

the device measurement and examines the device.

(iii) Solution file: This output file keeps 2D and 3D data regarding the

solution values of variables during an assigned bias point.

The command list for Atlas is saved as an ASCII text file which could be

compiled in DeckBuild. Atlas input file for Atlas can be created using the

DeckBuild. The correct syntax for the input statement is

< STATEMENT >< PARAMETER >=< V ALUE > In Atlas,

The parameter’s value can be Real, Integer, Character, and Logical. The

input file in Atlas contains of five group of statements as shown in the table

below [1]:
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Table 4: Atlas Input Specifications: [1]

Group Statement

Structure Specification

MESH
REGION
ELECTRODE
DOPING

Material Models Specification

MATERIAL
MODELS
CONTACT
INTERFACE

Numerical Method Selection METHOD

Solution Specification

LOG
SOLVE
LOAD
SAVE

Results Analysis
EXTRACT
TONYPLOT

Atlas sets the equations with a good initial estimation of the values and

then iterates to obtain a converging solution. Atlas generates the initial

guess for the parameter values by resolving the balance case based on the

local doping density profiles in the device. Two types of approaches are used

to achieve acceptable values of correspondence. One is the Gummel method,

also known as the decoupled approach, which sequentially resolves the nec-

essary equations, providing linear convergence. This approach is useful when

there is a weak link between the resulting equations. The other is the New-

ton method, also known as a coupled approach, which provides quadratic

convergence. This kind of approach is used in the case of a strong coupling
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between the resulting equations.

Another device simulator used this project is MOCASIM within Silvaco

package to compute the transport properties of GaN models. MOCASIM

is a three-valley Monte Carlo simulator designed to generate transport pa-

rameters used in the physical system simulators of SILVACO. It can be used

to predict the transport characteristics of arbitrary materials and to provide

insight into the physical mechanisms associated with device operation. MO-

CASIM can be used either in isolation or as a core tool in the VIRTUAL

WAFER FAB environment of SILVACO. MOCASIM comes with a variety

of physical models including [2]:

(i) Polar-optical phonon absorption and emission scattering.

(ii) Acoustic phonon scattering.

(iii) Equivalent valley phonon absorption and emission scattering.

(iv) Non-equivalent valley phonon absorption and emission scattering.

(v) Ionised and neutral impurity scattering.

(vi) User-defined scattering mechanism via the SILVACO C-INTERPRETER.

It also has integrated capabilities with other codes and programs such

as running jobs in DECKBUILD, TONYPLOT for data visualization, VIR-

TUAL WAFER FAB (VWF), and generating output that can be used in
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other SILVACO simulators and tools. MOCASIM is a three-valley Monte

Carlo simulator designed to generate transport parameters used in the phys-

ical system simulators of SILVACO. It can be used to predict the transport

characteristics of arbitrary materials and to provide insight into the physical

mechanisms associated with device operation. MOCASIM can be used either

in isolation or as a core tool in the VIRTUAL WAFER FAB environment of

SILVACO [2].

Figure 3: Mocasim Input and Output Scheme

MOCASIM is usually executed with a text file command that includes

commands for MOCASIM to run. Mostly, MOCASIM is used in the DECK-

BUILD run-time environment, which is easy to interact and manage the

batch mode operations [2]. The MOCASIM command line accepts a key-

word that defines the assertion that can be accompanied by a list of pa-
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rameters with their key criteria. The common format that MOCASIM ac-

cept represent bellow: < STATEMENT > < PARAM1 >=< V AL1 >

< PARAM2 >=< V AL2 > ...

MOCASIM’s controls can be grouped into seven separate categories groups:

(i) Simulation Specification consists of the following operations:

• CRYSTAL includes the crystal structure specification.

• MATERIAL defines the bulk material parameter specification.

• ASSIGN represents. material and simulation specification.

(ii) Bias specification includes the following operation:

• DOPING determines the doping range specification.

• FIELD controls the electric field range specification.

• TEMPERATURE specifies the lattice temperature specification

(iii) Scattering Mechanism Specification is defined using the criteria below:

• C INTERPRETER

• DEFORMATION POTENTIAL ACOUSTIC PHONON

• DEFORMATION POTENTIAL OPTICAL PHONON

• INTERVALLEY PHONON

• IONISED IMPURITY
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• NEUTRAL IMPURITY

• PIEZOELECTRIC ACOUSTIC PHONON

• POLAR OPTICAL PHONON

(iv) Solution Specification the section includes:

• SOLVE this tag will initiate a specific solver to solve over specified

bias plane.

(v) Input and Output that have five different operations as listed:

• LOG this command generate backup file name and frequency.

• PRINT Outputs this trigger the program to print out the data

about the current simulation settings.

• READ this syntax will be used to recall data and reads in previ-

ously generated data stored in “RAW” format.

• SAVE this flag will save and storage the monte-carlo data.

• FIT this operation will fits a smooth model to the monte-carlo

data.

(vi) Results Analysis this section in the script includes below operation:

• EXTRACT is the result post-processing analysis tool.

• TONYPLOT is a flexible output visualization tool.
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The order of the main group is important. However, within the same group,

any order works, but it is recommended to follow the order since some oper-

ation rely on other inside the same group [2].

After we introduced the operation of MOCASIM program, we will now

introduce the Monte Carlo Method. The Monte Carlo transport simulation

produces a population of electrons at a given field, doping concentration, and

temperature [28]. The device is set up by deciding the initial distribution of

electrons which is then allowed to evolve over time. Electrons are accelerated

by the electric field and are periodically scattered by perturbations in the

crystal. We perform this process over and over until the average of the

physical characteristics reaches a steady state [28, 2]. MOCASIM allows for

the inclusion of different scattering mechanisms regardless of whether it is

intra- or inter-valley. These processes are either entered manually by the user,

provided through the SILVACO C-INTERPRETER, or can be generated

through the SILVACO C-INTERPRETER. The central simulation engine

allows for the simulation of scattering events on electrons. An ensemble

average is performed and then the bulk transport parameters are calculated.

There are three simulation input parameters: Electric Field (E), Doping

Density (ND), and Lattice Temperature (TL). The output parameters are

K-vector, Kinetic Energy, Valley O fraction, Valley 1 fraction, and Valley 2

fraction. The derived output parameters are [2]:
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(i) Intervalley Potential Energy

PE = f1 ·∆E01 + f2 ·∆E02
(3.75)

(ii) Total Energy

w = KE + PE (3.76)

(iii) Effective Mass

m∗ = m0(1 + 2αKE) (3.77)

(iv) Velocity

v =
~k
m∗

(3.78)

(v) Momentum Relaxation Time

τP =
m∗v

qE
(3.79)

(vi) Energy Relaxation Time

τw =
(w − w0)

qvE

where :

w0 =
3kTL

2q

(3.80)

64



(vii) Total Scattering Rate

W (ki) =
mV

2π~3

∫ ∞
0

∫ π

0

V (q)G (ki,kf ) δ (EF − EI) (1+2αE)r sin (ϑ) dϑdE

(3.81)

If the final energy of the system (EI) is independent of the scattering

angle, then the integration over energy can be performed separately

and we obtained:

W (ki) =
mV kf (1 + 2αEf )

λ

2π~3

∫ π

0

V (q)G (ki,kf ) sin (ϑ) dϑ (3.82)

Where the length of Kf and G(ki, kf ) is fixed due to the evaluation of

δ-function integral.

3.9 Proposed Computational Methods

The parameters required for TCAD simulations are lattice constant, phon-

on frequency, low-frequency dielectric constant, high-frequency dielectric con-

stant, deformation potential, effective mass, and band gap (see tables below).

To conduct the project, methods were chosen very carefully to create a chain

that links the atomistic level of materials and microscopic engineering level

using existing methods and tools. To confirm the correctness of our method-

ology we applied the tool chain first to bulk GaN because many of the nec-
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essary parameters are already known for bulk GaN. Next, a series of doped

GaN models were constructed from the perfect crystal structure to determine

a model size that correlates well with experiment, but which also minimized

computational cost. Finally, methods were used to compute the effect of

different dopant elements in GaN to obtain the targeted electronic structure

properties and parameters.

The simulations were performed using all methods introduced above. The

above methods were used according to the sequence presented in figure below.

The computational methods above were used to generate a pure GaN model,

and two single-defect models (Carbon-doped Gallium Nitride = GaN −CN ,

and Iron-doped Gallium Nitride = GaN −FeGa) where C and Fe doped was

done by substituting C with N and Fe with Ga since this is the most favorable

in energy perspective for the stability of the system. These models pass

through many calculations to obtain the required parameters given explicitly

in Table III from the preliminary results section below. To obtain these

parameters, we will follow the schematic chart shown in figure 4 for every

model. Some tasks shown in figure 4 below are independent of each other and

may be computed once an atomic structure has been obtained while others

rely on certain previous calculations. Listed below is the typical order that

calculations are performed with the understanding that each stage may have

multiple subtasks.
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(i) Initial model generation: a combination of PyCDT and VASP to obtain

atomic coordinates incorporating defects.

(ii) Electronic band structure: Hybrid DFT within VASP package is used

to obtain the energy band gap and the effective masses of electrons and

holes.

(iii) Mechanical properties: Obtain elastic coefficients and piezoelectric con-

stant via VASP.

(iv) Dielectric properties calculation to obtain the optical absorptions by

OLCAO package.

(v) Phonon band structure calculations to obtain phonon band gap, optical

and acoustic modes, and other phonon related properties.

(vi) Silvaco TCAD package will the parameters from stages (I) through (v)

to obtain some of the device properties such as breakdown voltage.

This new multiscale methods can be applied to any new material to generate

the required input parameters for TCAD device simulation using the same

proposed scheme presented in this dissertation specifically in this section.

This new simulation methodology will be faster than experimental technique

to obtain the parameters needed for TCAD as well as help to guide the
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material fabrication manufacturing process with less usage test sample and

cost reduction.
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Figure 4: Project design scheme showing how the computational tools inter-
act with each other.
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CHAPTER 4

RESULTS

4.1 Atomic Structure, Construction, and Analysis of Gallium

Nitride, C-doped and Iron-Doped Gallium Nitride Models

The ball-and-stick representations of (a) GaN, (b) C-doped GaN, and (c)

Fe-doped GaN models are illustrated in figure 5. The dark atoms in figure

5b depict the C atom that substituted for the N atom. Similarly, in figure

5c, the bright atoms show the Fe atom that substituted for the Ga atom.

The three models in figure 5 were generated using PyCDT in combination

with the unit cell information of GaN defined in the atomic coordinate file

(POSCAR) and potential file from VASP. Our model is based on a GaN unit

cell with lattice constants a = 3.192 Å and c = 5.185 Å [99]. The size of

the resultant point defect models were determined by PyCDT by taking into

account the effect of defect–defect interactions caused by periodic boundary

conditions.

As a result of the approach outlined above, we generated three distinct

crystal structure models with supercell dimensions of 3x3x2, each of which

contains 72 atoms. To determine the equilibrium lattice constants for pure

GaN, C-doped GaN, and Fe-doped GaN, all models were optimized ionically,
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geometrically, and volumetrically using the VASP program with 7x7x7 k-

points and a cutoff energy of 520 eV. Pure GaN has an equilibrium lattice

constant of a = 9.64887 Å and c = 10.479924 Å, while c-doped GaN has an

equilibrium lattice constant of a = 9.649776 Å and c = 10.508213 Å, and

Fe-doped GaN has an equilibrium lattice constant of a = 9.564152 Å and c

= 10.353489 Å. We note from the resulting models that the location of the

point defect is consistent with the formation energy and the minimum energy

of the system computed throughout the process of producing the supercell

models using PyCDT. We can see from the lattice constants that when N

is substituted by C atom, the lattice constant values increase slightly. This

is because the C atom has a bigger radius than the N atom. Conversely,

the lattice constant of Fe-doped GaN is smaller than that of c-doped GaN,

because the difference in radius values between Fe and Ga is greater than

the difference between C and N.

Figure 5: (a)Crystal Structure Of GaN atoms, (b)Crystal structure of C-
doped GaN, and (c)Crystal Structure of Fe-doped GaN
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4.2 Electronic Structure of Gallium Nitride, Carbon-doped and

Iron-doped Gallium Nitride

4.2.1 Band Structure

The concept of a band structure is one of the most important concepts in

solid state physics. It describes the electronic levels in (ideal) crystal struc-

tures, which are characterized by two quantum numbers, the Bloch vector

k and the band index n. The Bloch vector is a point in reciprocal space

(measured in units of 1/length), and the energy of the electron En(k) is a

continuous function of k, resulting in a bounded but continuous range of en-

ergies referred to as the energy band. Many electrical, optical, and magnetic

properties of crystals can be explained in terms of the band structure of the

crystal such as band gap, electron/hole effective masses, charge carriers.

It should be noted that the presence of extra charges, such as the re-

placement of some atoms with others with a different nuclear charge (dop-

ing) or electric potentials at interfaces (e.g. field effect transistors), allows

for a slight manipulation of the total number of electrons. While the corre-

sponding change in Fermi energy is negligible for metals, any extra electron

occupies the conduction band in semiconductors, while any missing electron

provides an empty state (called a hole) in the valence band under thermal

conditions. As a result, the conductivity of semiconductors can be easily

modified, which is the basis for the majority of their electronic applications.
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4.2.2 Computational Details

First-principles density functional calculations are performed to compute

and investigate the electronic structure and optical properties of GaN, C-

doped, and Fe-doped GaN. Two well developed DFT-based ab initio meth-

ods are adopted for efficient electronic structure simulations: the plane wave

projective-augmented wave (PAW) method [88] as introduced in the Vienna

ab initio simulation package (VASP), and the orthogonalized linear atomic

orbital (OLCAO) method. VASP is good for geometry optimization and the

accurate measurement of electronic structure properties especially using the

hybrid Heyd–Scuseria–Ernzerhof (HSE06) density functional [65]. Crucially,

the HSE06 functional can overcome the underestimation of the band gap

that is common in standard DFT, and instead gives a good prediction of the

band gap value at the cost of being a computationally intensive and time con-

suming method. VASP was used for band structure calculation using HSE06

with a gamma-centred 7×7×6 k-point mesh, an energy cut off of 520 eV,

a minimum residual ionic force of -2x10−3 eV/A3, an electronic convergence

criterion of 1x10−5 eV, and a screening value of 0.36. OLCAO was used to

calculate the electronic structure, optical properties using an extended ba-

sis (occupied orbitals plus two additional shells of unoccupied orbital basis

functions), a 7×7×6 k-point mesh, and the local density approximation for

the exchange-correlation functional [34].
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4.2.2.1 Band gap and electron and hole effective mass of Gallium

Nitride, C-doped, and Fe-doped

Figures 6, 7, and 8 show the band structures of pure GaN, C-doped GaN,

and Fe-doped GaN, respectively. Figure 6 shows that the band gap of pure

GaN is 3.49 eV, which is in excellent agreement with the measured value

of 3.51 eV in reference [172]. Other parameters obtained from the band

structure are the effective masses of the electron and light and heavy holes,

which are obtained from the curvatures of the bands at the gamma k-point.

The conduction band curvature determines the electron effective mass and

the curvature of the valence band at the same k-point represents the hole

effective masses. Hole effective masses at the same k-point may have two

values, which are represented by two curvatures. One is flatter and indicates

the value of a heavy hole, while the other is sharp and defines the value

of a light hole. Table 5 shows effective mass values for electron and hole

at gamma-, A-, and L-kpoints with spin-orbit and crystal field split energy,

valence band reference energy, and band gap value for all three models.

In figure 7, when carbon (C) was doped to GaN by replacing one atom

of N with C, the size of the band gap shrank to 3.22 eV due to the presence

of C. The defect state appears to be very close to fermi-energy at 0.28 eV.

When one N atom is substituted by a C atom, the system gains one hole

(positive charge) due to the difference in electrons between N (7 electrons)

74



and C (6 electrons). So because a hole is positively charged, the defect states

will be very close to the valence band. Effective masses were calculated and

listed for C-doped GaN at the gamma-, Y, and M-kpoints for both electron

and holes in table 5.

In figure 8, the Fe doped GaN has a band gap of 3.96 eV. We observe

that the defect state is located near the conduction band. Many defect

states are introduced due to the difference between the Ga and Fe, where Ga

is substituted by an Fe atom. The nature of the dopant influences the band

structure and the location of the Fermi energy. Also, the band structure

shifted because of the localized dopant-induced state. In addition, the band

structure was used to obtained the electron and hole effective masses at three

different K-points that are gamma-, R, and T-points. The reason to calculate

the effective masses at not only the center of Brillouin zone (at gamma) but

also at different K-point is that these values and the band gap at these k-

point will be used to compute transport properties using three-valley Monte

Carlo method with other parameters that will be listed later on in the section

of transport properties.
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Figure 6: Calculated band structure
of Gallium Nitride (GaN) obtained
using HSE06. The calculated, direct
band gap is 3.49 eV.

Figure 7: Calculated band structure
of Carbon doped Gallium Nitride (c-
doped GaN) obtained using HSE06.
The calculated, direct band gap is
3.22 eV.

Figure 8: Calculated band structure of
Iron doped Gallium Nitride (Fe-doped
GaN) obtained using HSE06. The calcu-
lated, direct band gap is 3.96 eV.
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Table 5 summarizes some of the properties that are related to the band

structure obtained from figures 9, 10, and 11. Our result are in a good

agreement with measured values of GaN [172]. On other hand, in case of

C-doped GaN and Fe-doped GaN, there were no available result to compare

to. However, we are confident about parameters value because the same

procedure and technique case of GaN is used.

Table 5: Electron and holes effective masses

This Work
Parameter GaN (published) GaN GaN-C GaN-Fe

Band gap(eV) 3.44, 3.42, 3.507, 3.51 [172] 3.49 3.22 3.96
Spin-orbit split energy(eV) 0.021, 0.019, 0.016 [172, 173] 0.0217 0.0217 0.0218

Crystal-field split energy(eV) 0.01618, 0.01413, 0.01213 [173] 0.012 0.012 0.012
Valence band reference (eV) -2.64 [172] -2.651 -2.54 -2.31

Electron eff. mass (z) 0.20[172, 173] 0.24 0.26 0.31
Electron eff. mass (t) 0.18, 20 [172, 173] 0.23 0.26 0.31

Hole eff. mass -6.56 , -7.24 [172, 173] -6.92 -7.02 -7
Hole eff. mass -0.91, -0.51 [172, 173] -0.674 -0.71 -0.8
Hole eff. mass 5.65 , 6.72 [172, 173] 6.02 6.08 6.13
Hole eff. mass -2.83, -3.36 [172, 173] -2.476 -2.52 -2.61
Hole eff. mass -3.13 , -3.35 [172, 173] -3.21 -3.31 -3.35
Hole eff. mass -4.86, -4.72 [172, 173] -4.67 -4.76 -4.79

4.2.2.2 Shear deformation potentials

Strain is always present in group-III nitride-based devices due to large

differences in lattice parameters and thermal expansion coefficients between

the substrate and the nitride overlayers as well as between nitride layers

with different alloy compositions. Strain affects optical properties, partic-

ularly the energy of optical transitions, as well as the polarization of the
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emitted light in non-polar or semi-polar devices [56, 145]. The effects of

strain are defined by the change of a transition energy difference when strain

is applied, and the linear coefficient is defined as the deformation potential.

The deformation potentials, along with the Luttinger band parameters, are

critical inputs for device modeling [173]. The experimental determination of

deformation potentials is quite difficult, made more difficult by the fact that

not all strain components can be determined accurately or without further

approximations. The deformation potentials cannot be isolated from each

other because uniaxial and biaxial strain cannot be applied separately. As a

result, experimental data for GaN are dispersed across a wide range. There

is no experimental data on the hydrostatic potential, band gap, or shear

deformation potential of C-doped GaN and Fe-doped GaN. In this work,

the computational details used were the same setup introduced in the band

structure calculation, except that we apply a strain to the lattice constants

by −1%. Then perform ionic relaxation using VASP in combination with OL-

CAO to compute the optical band structure using the LDA approximation,

which produces a good result with less computational cost in comparison

to the Hybrid DFT. In table 6, we present a set of deformation potentials,

cz−D1, act−D2, D3, and D4 for the wurtzite phases of GaN, C-doped GaN,

and Fe-doped GaN.

We apply the Bir and Pikus k.p approach [15, 150] to derive the strain-
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induced band-structure modifications near the gamma-point. Solving the

unstrained 6x6 Hamiltonian for the valence bands yields three eigenstates

corresponding to the heavy hole (HH), light hole (LH), and crystal-field split-

off band (CH). The transition energies to the conduction band are denoted as

EA, EB, and EC, respectively. The valence band consists of three doubly de-

generate bands in the absence of the spin-orbit interaction: heavy-hole (HH),

light-hole (LH), and crystal-field split-off (CH) bands. This degeneracy is re-

moved by the spin-orbit interaction, resulting in six distinct bands. Adding

strain to the Hamiltonian changes the transition energies in the following

way for the special case where εxx = εyy, which preserves the symmetry in

the c-plane:

EA/B =EA/B(0) + (acz −D1) εzz + (act −D2) ε⊥ − (D3εzz

+D4ε⊥)

EC =EC(0) + (acz −D1) εzz + (act −D2) ε⊥.

(4.1)

Where ε⊥ = εxx + εyy and εzz are the strain components in and perpen-

dicular to the c plane. the valence-band deformation potentials D1 and D2

are combined with the conduction-band deformation potentials acz (act).

Our results show that the hydrostatic deformation potential of C-doped

GaN have no change in comparison to the GaN, and that is due to the fact
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that the lattice constant for GaN and C-doped GaN are almost the same.

In case of the of Fe-doped GaN, the hydrostatic deformation potential has

decreased significantly because the lattice constant is shorter compared to

C-doped and GaN. On the other hand, the shear deformation potential is

increasing due to the applied strain on the lattice which directly affect the

size of the band gap and the energy of both the valence and conduction

band. The result in case of GaN is in a good agreement with other published

results. However, there are no published results are available for C-doped

and Fe-doped GaN.

Table 6: Shear and hydrostatic deformation potentials of GaN, C-doped, and
Fe-doped GaN.

Other Work This Work
Parameter Unit GaN GaN GaN-C GaN-Fe

Hydrostatic deformation potential eV -4.08 [174] -4.084 -4.084 -3.22

Shear deform. potential eV
-0.89, -3.0, 0.7 [174],

-4.9, -5.81 , -5.33 [173]
-4.52 -4.58 -4.7

Shear deform. potential eV
4.27, 3.6, 2.1 [174],

-11.3,-8.92,-8.84 [173]
-8.01 -8.12 -8.17

Shear deform. potential eV
5.18, 8.82, 1.4 [174],
8.2, 5.47, 5.8 [173]

5.55 5.63 5.69

Shear deform. potential eV
-2.59, -4.41, 0.7 [174],
4.10, -2.98, -3.09 [173]

-2.97 -3.01 -3.08
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4.2.3 Polarization Properties

The spontaneous polarization, piezoelectric constants, and dynamical

charges of III-V nitride semiconductors such as GaN are obviously important

for studying nitride-based piezodevices and multilayer structures. Knowledge

of these properties, in particular, allows for an in-depth treatment of polariza-

tion and ensuing electric fields in strained and polarized nitride junctions and

superlattices under any strain condition, as discussed elsewhere [80]. The ni-

trides emerge as highly unusual III-V materials, resembling II-VI oxides and,

in some ways, ferroelectric perovskites, from the current study, one of the first

applications of the modern theory of polarization in solids to real and ”diffi-

cult” materials of technological interest. The total macroscopic polarization

P of a solid in the absence of external fields is the sum of the spontaneous

polarization P eq in the equilibrium structure and the strain-induced or piezo-

electric polarization P. The piezoelectric polarization is related to the strain

in the linear regime by:

δPi =
∑
j

eijεj (4.2)

Where eij are components of the piezoelectric tensor.

Gallium nitride has a wurtzite structure, a hexagonal crystal structure

defined by the basal hexagon’s edge length a, the hexagonal prism’s height c,
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and an internal parameter u defined as the anion-cation bond length along

the [0001] axis in units of c. Wurtzite has the highest symmetry that is com-

patible with the existence of spontaneous polarization, and its piezoelectric

tensor has three nonvanishing independent components. As a result, polar-

ization will have both a spontaneous and a piezoelectric component in these

materials systems. We will limit ourselves to polarizations along the 0001

axis in this work because this is the direction in which both standard bulk

materials and nitride superlattices are grown. The spontaneous polarization

along the z axis is Peq = Peqẑ, and the piezoelectric polarization can be

expressed as:

δP3 = e33ε3 + e31 (ε1 + ε2) (4.3)

where a0 and c0 are the equilibrium values of the lattice parameters,

ε3 = (c− c0) /c0 is the strain along the c axis, and the in-plane strain ε1 =

ε2 = (a− a0) /a0 is assumed to be isotropic.

The change in polarization is defined as:

δP3 =
∂P3

∂a
(a− a0) +

∂P3

∂c
(c− c0) +

∂P3

∂u
(u− u0) (4.4)

where the equilibrium lattice constants and internal parameter are a0,

c0, and u0, respectively. Note that the parameters a, c, and u are not in-
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dependent due to the condition of vanishing forces along the axis direction.

The macroscopic piezoelectric tensor coefficients can be expressed as once

the polarization derivatives in Eq. 4.4 are known.

e33 = c0
∂P3

∂c
+

4ec0√
3a20

Z∗
du

dc
(4.5)

And

e31 =
a0
2

∂P3

∂a
+

2e√
3a0

Z∗
du

da
(4.6)

Where

Z∗ =

√
3a20
4e

∂P3

∂u
≡ Z(T )

3 (4.7)

Is defined as the axial component of the Born, or transverse, dynamical

charge tensor Z(T ).

The computational detail in this section is based on first-principles DFT

calculations performed using the local density approximation for the exchange-

correlation energy functional within VASP, for which we use the Ceperley-

Alder [26] form as parametrized by Perdew and Zunger [129]. In a plane

wave basis, the wave functions are expanded to an energy cutoff of 520 eV.

(38.21 Ry). For all of the elements involved in the calculations, ultrasoft

pseudopotentials [167] have been used. The Ga pseudopotentials, in partic-

ular, are built in such a way that the semicore d electrons in the valence
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are explicitly included, resulting in an extremely accurate description of the

electronic and structural properties. For Brillouin-zone sampling, a mesh

of 10x10x10 points was used in all calculations for the GaN, c-doped GaN,

and Fe-doped GaN wurtzite structures [27]. The polarization was computed

using k-space integration on a (7,7,6) Gamma k-point mesh instead. The

partial derivatives of the polarization in Eq. (4.4) can be easily calculated

numerically by observing the polarization change caused by a typical ±2%

change in the crystal parameters a and c (with u held constant, i.e., at

clamped ions) and the internal parameter u, around their equilibrium values.

We need to carefully determine the equilibrium structure parameters because

we’re interested in the polarization constants and spontaneous polarization.

Polynomial interpolation of total-energy values calculated over a grid of a

and c values resulted in the three independent structural parameters. The

Hellmann-Feynman forces were used to optimize the internal parameter u at

each (a,c) grid point. The findings, which are summarized in Table I, are

very similar to those reported in previous work [12].

The result in table 7 shows that the piezoelectric constants and sponta-

neous polarization are in good agreement with the experimental data with

Ref. [172] in the case of GaN. However, in the case of C-doped GaN and Fe-

doped GaN; there are no data available for spontaneous polarization, which

is a very elusive quantity in this regard; our calculated values will be a useful
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input for device modeling, and the piezoelectric constants and spontaneous

polarization that we predicted would be useful in future experimental work.

Table 7: Polarization parameters for GaN (C/m2)

Other Work This Work
Parameter GaN GaN GaN-C GaN-Fe

Spontaneous polarization -0.034, -0.029 [172] -0.02875 -0.018 -0.0142
Piezoelectric constant (z) (e33) 0.73, 1.27, 0.67 [172] 0.88 0.47 - 0.517

Piezoelectric constant (x,z) (e31)
-0.49,-0.35, -0.34 [172],
-0.37 [13], -0.22 [166]

-0.27 -0.25 - 0.52

4.3 Mechanical Properties of Gallium Nitride, Carbon-doped,

and Iron-doped Gallium Nitride

Mechanical properties are critical for any material used in technological

applications. In comparison to GaN, there is a lack of information on the me-

chanical properties of C-doped GaN and Fe-doped GaN crystals. To fill this

research gap, we calculated the elastic coefficients and mechanical properties

from the VASP relaxed structure for the three generated models, which in-

cluded GaN, C-doped GaN, and Fe-doped GaN. The mechanical parameters

for these crystals are calculated from the elastic coefficients using the Voigt

approach [171], Reuss approach [135], and Hill approximation [66]. Tables

8, 9, and 10 show the elastic constants of GaN, C-doped GaN and Fe-doped

GaN, respectively. Tables 11, 12, and 13 represent the mechanical properties

of GaN, C-doped GaN, and Fe-doped GaN containing the bulk modulus (K),
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shear modulus (G), Young’s modulus (E), P-wave modulus, Poisson’s ratio

(η), and B/G ratio.

The elastic constant is an important property that can provide a link

between the mechanical and dynamic behavior of crystals as well as impor-

tant information about the nature of chemical bonding in solids [32]. There

are five bonds operating in solids in the stiffness matrix Cij of hexagonal

crystals [32] listed in table 8. There are five independent elastic constants

C11, C12, C13, C33, and C44 in the stiffness matrix Cij of hexagonal crystals,

and the elastic constants for the hexagonal wurtzite GaN crystal should sat-

isfy the following stability criteria [196]. On the other hand, C-doped GaN

and Fe-doped GaN both have 21 independent elastic constants in tables 9

and 10, respectively.

Tables 11, 12, and 13 show the calculated K, G, E, P-wave moduli, η, and

K/G for the three crystals GaN, c-doped GaN, and Fe-doped GaN, respec-

tively. The mechanical properties of the three crystal models are similar in

general, with only minor differences in their values. When comparing GaN

to C-doped and Fe-doped GaN, the bulk modulus K is slightly larger, in-

dicating that the stiffness of wurtzite GaN is slightly higher. According to

the Pugh criterion, ductile behavior may occur if B/G ¿ 1.75, otherwise the

material will behave brittle [134]. Obviously, the B/G ratio for hexagonal

wurtzite GaN is 1.58, which is much less than the 1.75 given in Table 10,
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implying that wurtzite GaN may be brittle. The P-wave modulus measures

the lateral propagation of waves through the material. The values of P-wave

modulus are 314.956 (GPa), 304.090 (GPa), and 288.188 (GPa) for GaN,

C-doped GaN, and Fe-doped GaN. There is a dramatic decrease in P-wave

modulus due to the deceasing of the wave velocity through the materials.

Furthermore, Poisson’s ratio (η) is widely used to evaluate the stability

of crystals under shear deformation, and a larger value indicates that the

materials are more plastic. C-doped GaN and Fe-doped are more resistant

to shear stress due to its smaller size about 0.25, and 0.24 in comparison

to 0.23. Furthermore, the value of η denotes the degree of covalent bond

directionality. For covalent materials, it is small (about 0.1), whereas for

ionic materials, it is typically 0.25 [7]. The calculated value of Poisson’s

ratio for the three structures ranges from 0.23 to 0.25, indicating that they

are ionic materials.

Table 8: GaN Stiffness Tensor Cij (in GPa):

329.636 115.317 73.369 0.000 0.000 0.000
115.317 329.636 73.369 0.000 0.000 0.000
73.369 73.369 346.623 0.000 0.000 0.000
0.000 0.000 0.000 94.238 0.000 0.000
0.000 0.000 0.000 0.000 94.238 0.000
0.000 0.000 0.000 0.000 0.000 107.159
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Table 9: C-doped Stiffness Tensor Cij (in GPa)

323.219 117.381 75.681 -1.225 1.004 1.392
117.381 319.192 73.683 0.497 0.977 0.931
75.681 73.683 338.426 -0.745 0.521 1.095
-1.225 0.497 -0.745 84.774 -0.025 -0.151
1.004 0.977 0.521 -0.025 84.843 -0.745
1.392 0.931 1.095 -0.151 -0.745 101.719

Table 10: Fe-doped GaN Stiffness Tensor Cij (in GPa):

308.836 103.515 62.212 -0.408 0.953 -0.458
103.515 299.029 57.247 -2.245 0.722 -3.177
62.212 57.247 321.574 -1.713 0.653 -0.570
-0.408 -2.245 -1.713 86.393 1.032 0.117
0.953 0.722 0.653 1.032 85.398 1.074
-0.458 -3.177 -0.570 0.117 1.074 100.348

Table 11: Mechanical properties of wurtzite GaN including the calculated K,
G, E, P-wave modulus, η, and K/G

.

Scheme Voigt Reuss Hill
Bulk modulus K (GPa) 170.001 169.837 169.919
Shear modulus G (GPa) 108.716 106.391 107.554
Young’s modulus E (GPa) 268.840 264.039 266.444
P-wave modulus (GPa) 314.956 311.691 313.323
Poisson’s ratio (η) 0.236 0.241 0.239
Bulk/Shear ratio 1.564 1.596 1.580
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Table 12: Mechanical properties of C-doped GaN including the calculated
K, G, E, P-wave modulus, η, and K/G

.

Scheme Voigt Reuss Hill
Bulk modulus K (GPa) 168.259 168.049 168.154
Shear modulus G (GPa) 101.873 98.842 100.357

Young’s modulus E (GPa) 254.298 247.919 251.116
P-wave modulus (GPa) 304.090 299.838 301.964

Poisson’s ratio (η) 0.248 0.254 0.251
Bulk/Shear ratio 1.652 1.700 1.676

Table 13: Mechanical properties of Fe-doped GaN including the calculated
K, G, E, P-wave modulus, η, and K/G

.

Scheme Voigt Reuss Hill
Bulk modulus K (GPa) 152.821 152.520 152.671
Shear modulus G (GPa) 101.526 98.714 100.120

Young’s modulus E (GPa) 249.357 243.591 246.480
P-wave modulus (GPa) 288.188 284.140 286.164

Poisson’s ratio (η) 0.228 0.234 0.231
Bulk/Shear ratio 1.505 1.545 1.525

4.4 Transport and Device Properties of Gallium Nitride

Carbon-doped and Iron-doped Gallium Nitride

The electron transport properties of GaN nitride semiconductor have been

recognized for a long period of time. It wasn’t until the mid-1970s that semi-

classical Monte Carlo simulations of steady-state electron transport in bulk

wurtzite GaN were reported [104]. Gelmont et al. [53] published an analysis

in the early 1990s of ensemble semi-classical two-valley Monte Carlo simula-

tions of electron transport within bulk wurtzite GaN; this analysis improves
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on the analysis of Littlejohn et al. by incorporating intervalley scattering into

the simulations [104, 53]. Mansour et al. [105] used this approach in 1995

to determine how crystal temperature affects the velocity-field characteristic

of bulk wurtzite GaN. Kolnik et al. [83] investigated the electron transport

within bulk wurtzite GaN and bulk zinc-blende GaN using full-band Monte

Carlo simulations. In the late 1990s, it was reported that ensemble semiclas-

sical five-valley Monte Carlo simulations of electron transport within bulk

wurtzite GaN were used to derive elementary analytical expressions for sev-

eral electron transport parameters associated with bulk wurtzite GaN [122].

Foutz et al. 1997 published the first study of transient electron transport

within III–V nitride semiconductors [49]. On the experimental front, a fem-

tosecond optically detected time-of-flight technique was used in 2000 to ex-

perimentally determine the velocity-field characteristic of bulk wurtzite GaN

[180]. Unfortunately, there are no available data for C-doped and Fe-doped

that can be used in the transport device-based simulation. Therefore, we

used our proposed multiscale methods to reproduce the parameters in the

case of GaN based on multiscale simulation methodology, then apply same

procedure to generate the parameters for our target materials C-doped GaN

and Fe-doped.

Understanding the electron transport in GaN is necessary for improving

devices based on GaN semiconductors. The steady-state and transient trans-
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port properties of GaN have been extensively discussed over the last year;

uncertainty in material band parameters continues to be a significant source

of ambiguity in analysis of the electron transport properties.

Consideration of conduction band satellite valleys is required to compute

the electron drift velocity at large electric fields. The conduction band is

represented by a three-valley model with parameters for wurtzite phase GaN.

Polar optical phonon, acoustic deformation potential, piezoelectric, charged

impurity scattering, and intervalley scattering are the scatterings included

in our computation. Because we employ the Ridley charged impurity model

and include the electron temperature at high electric fields, our Monte Carlo

simulations differ from others. The reader is directed to [71, 70] for more

information on these scattering mechanisms.

The Phonopy was used to compute some of the phonon parameters that

are required to calculate the transport properties in combination with VASP

such as phonon energy and acoustic deformation potential using the same

procedure of computing the electronic band structure and deformation po-

tential except that an electronic convergence criterion of 1x10−8 eV. The

parameters used in the simulation were the one calculated in this project

which are tabulated in tables 14 and 15. The sound velocity and the non-

parabolicity were calculated using the following two equations, respectively.

The sound speed in a solid is determined by the medium’s Young’s mod-
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ulus and density as:

v =

√
Y

ρ
(4.8)

Nonparabolicity is expresed as [169]:

α =

(
1− m∗0

m0

)2

Egap
(4.9)

where m0 and Egap are the electron mass in vacuum and the energy gap,

respectively.

Table 14: The material parameters corresponding to wurtzite GaN, C-doped
GaN, and Fe-doped GaN

Parameter GaN [50][Other Work] GaN [This Work] C-doped GaN Fe-doped GaN
Mass density (kg/m3) 6150 5923 5902 5882
Sound velocity (m/s) 6560 6707 6523 6473

Acoustic deformation potential (eV) 8.3 8.24 8.17 8.4
Static dielectric constant 8.9 5.51 11.15 13.6

High-frequency dielectric constant 5.35 5.51 5.47 5.7
Piezoelectric constant, e14 (C/m2) 0.375 0.361 0.372 0.356

Optical phonon energy (eV) 0.0912 0.08441 0.08621 0.08719
Intervalley deformation potentials (eV/m) 10 9.97 10.03 10.08

Intervalley phonon energies (eV) 0.0912 0.08441 0.08621 0.08719

Table 15: The valley parameters corresponding to GaN, C-doped GaN, and
Fe-doped GaN

GaN [43](Other Work) GaN (This Work) C-doped GaN Fe-doped GaN
Valley Γ1 Γ2 L-M Γ1 Γ2 M-K Γ1 Γ2 M-D Γ1 Γ2 Z-R

Valley degeneracy 1 1 6 1 1 6 1 1 6 1 1 6
Effective mass 0.2me me me 0.24me me me 0.26me me me 0.31me me me

Intervally energy separation (eV) - 1.9 2.1 - 2.76 4.41 - 2.28 2.88 - 4.04 4.44
Energy gap (eV) 3.39 5.29 5.49 3.49 6.25 7.9 3.22 5.5 6.1 3.96 8 8.4

Nonparabolicity (eV−1) 0.189 0.0 0.0 0.166 0.0924 0.0731 0.170 0.0995 0.0897 0.120 0.0595 0.0567
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The simulation of the transport properties of GaN, C-doped, and Fe-

doped GaN are carry out using MOCAsim within Silvaco TCAD [2] by sim-

ulating 10000 electrons and setting the crystal temperature to 300K with an

electric field ranging from 1x103 to 3x105 V/cm. In the valley of the low-

est conduction band, nonparabolicity is considered; this nonparabolicity is

treated using the Kane model [71].

Figures 9-11 illustrate the velocity-field characteristic of Wurtzite GaN,

C-doped GaN, and Fe-doped GaN as a function of electric fields at a lattice

temperature of 300 K and an ionized impurity concentration of 1017cm−3.

Results from other groups and various published experimental data are ref-

erenced for comparison [8, 194]. The figure [9] shows that GaN at applied

electric fields less than 50x105 V/m, acoustic deformation potential, piezo-

electric phonon scattering, and impurity scattering are the dominant scat-

tering processes. Thus, at low fields, where the electron temperature is less

than the polar optical phonon temperature, polar optical phonon emissions

are rare, while free carriers continue to dominate in the Γ1 valley, where their

effective mass is low. Their velocity increases with the strength of the electric

field, reaching a maximum of 2.9x105 m/s at a critical field of 180x105 V/cm.

On the other hand we notice a significant change in the drift velocity for both

C-doped and Fe-doped as seen in figures 10 and 11. The average drift velocity

increases sharply at applied electric fields less than 50x105 V/cm. However,
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at high applied electrical field, the drift velocity dropped quickly due to their

significant increases in their effective mass as well as the increasing of the

scattering, and their drift velocity reaching a maximum of 1.375x105 m/s

at a critical field of 25x107 V/cm. From figures 9-11, we can see that the

decreasing electron velocity is progressively slower from GaN to Fe-doped,

and C-doped GaN. At the critical field, electrons gain increasing amounts of

energy, which excites them and transports them to the upper valleys, where

they become heavier. Their chances of colliding increase, which slows them

down and causes their steady-state velocity to decrease. This occurs as the

applied electric field strength increases; that is, a region of negative differ-

ential mobility is observed. Electron saturation drift velocities are in the

order of 1.5x105 m/s at very high fields. Our calculations of the steady-

state drift velocity curve were in reasonable agreement with those provided

by other groups at low electric fields, but significantly lower at high fields.

Additionally, due to the scattering mechanisms used and the different data

parameters chosen, there is only a limited agreement with other simulation

results at high fields.

Figure 12 through 14 show that the average electron drift mobility is

greatest at very low electric field values due to the electrons’ smallest effec-

tive mass in the central valley of GaN, C-doped GaN, and Fe-doped GaN,

respectively. By increasing the electric field due to the intervalley mecha-
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nism, we can observe negative differential mobility (NDM). In this regime,

electrons drift linearly in low fields with a velocity dependence on the ap-

plied electric field, V d = µF . Due to the increase in electron effective mass

in higher valleys, the average electron drift mobility decreases at high electric

fields in all three models.

Figures 15-17 show the calculated scattering rate for GaN, C-doped GaN,

and Fe-doped GaN, respectively. It is obvious that the scattering rate in case

of GaN is rapidly increasing in comparison to C-doped and Fe-doped, and

that is due to it is lighter effective masses where electrons can scatter faster

with less energy. Whereas, in the case of C-doped and Fe-doped it is slower

because their effective masses are heavier which cause the electron to take

more time and more energy to scatter and be excited to higher energy states.
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Figure 9: The average drifts velocity
as a function of electric field of GaN
from experimental [180, 170] and the-
oretical work [83]

Figure 10: The average drifts veloc-
ity as a function of electric field of C-
doped GaN.

Figure 11: The average drifts velocity as a
function of electric field of Fe-doped GaN.
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Figure 12: The average drifts mobil-
ity as a function of electric field of
GaN.

Figure 13: The average drifts mobil-
ity as a function of electric field of C-
doped GaN.

Figure 14: The average drifts mobility as a
function of electric field of Fe-doped GaN
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Figure 15: The total scattering rate
as a function of electron energy of
GaN.

Figure 16: The total scattering rate
as a function of electron energy of C-
doped GaN.

Figure 17: The total scattering rate as
a function of electron energy of Fe-doped
GaN.
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4.5 Device model and Simulation procedure of GaN, C-doped

GaN, and Fe-doped GaN breakdown voltage of HEMT

device

In this simulation, we use the same GaN HEMT model that was reported

in [74] with some modification where the plate length was fixed at 2.25 mi-

cron as the best optimized length and the materials and its parameters used

were our own calculated parameters instead of the defaults values in Silvaco

TCAD. The device under examination is a standard GaN HEMT with a gate

length of 0.4 micron that has been augmented with a field plate to boost the

breakdown voltage. This simulation was conducted using optimized field

plate lengths of 2.25 micron in order to investigate the relationship between

field plate geometry and breakdown voltage. We consider three individual

models studied in this project and use our own calculated parameters for

GaN, C-doped, and Fe-doped GaN to see their influence on the breakdown

voltage.

Atlas structural syntax is used to describe the device in the first section of

the input file. There are detailed descriptions of the mesh, region locations,

electrode locations, and doping distribution. Region declarations are used to

define the AlGaN and GaN regions. Additionally, a fraction of Al is defined

(x.composition=0.295).

Following the description of the device, material statements define the
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properties of the various materials used in the simulation. The material

parameters considered for every individual model are coming from GaN, C-

doped GaN, and Fe-doped GaN where all follow the same procedure as for

GaN.

Field-dependent mobility models, Shockley-Read-Hall recombination (SRH)

models, and Fermi-Dirac statistics models can all be specified using models

statements. It is possible to simulate avalanche breakdown using the im-

pact ionization generation model. This is accomplished through the use of

the impact ”selb” statement, which activates the Selberherr model of im-

pact ionization. The user has access to and control over all fundamental

impact ionization parameters. HEMT structures employ a Schottky contact

as the gate electrode. This is accomplished by specifying the gate electrode’s

work-function using the contact statement.

In this case, in addition to SRH’s thermal generation, the beam statement

specifies an optical source of carrier pair generation. This is an effective

strategy for analyzing breakdown in general, but particularly in materials

with WBG or at low temperatures in order to improve convergence. This is

not recommended when calculating the leakage currents of sub-breakdown

diodes. This is followed by a ramp up to 1200 volts for the drain voltage.

A contact current statement is then used to convert the drain boundary to

a current boundary. This is done to improve convergence up to the point
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of the curve’s breakdown, where current changes at a much faster rate than

voltage does.

The results of our simulation are presented in figures 18 and 19. The figure

19 represents the breakdown voltage of GaN, C-doped GaN, and Fe-doped

GaN with numerical (generic) doping n- and p-type to see is the generic

dopant good enough to increase the breakdown voltage instead of actual

doping or it is or not.

The donor-like carbon doping of the n-type channel results in current leak-

age and a drop in the breakdown voltage. As can be seen from the simulation

results, the ideal case would be to have an undoped GaN channel. However,

GaN is typically produced as an n-type material due to the presence of im-

purities and vacancies. GaN doped with n-type generic dopant increase the

breakdown voltage with value of 825 V where with p-type doped it is about

700 V. Nitrogen vacancies in GaN can be regarded as the primary reason

for n-type generated GaN [115]. To compensate for donor-like vacancies in

GaN, the channel is doped with acceptor-like carbon on the p-type (carbon

substituting for N and Fe substituting for Ga). In the case of C substituting

N the breakdown voltage is dropped to 650 V in both case where n- and

p-type are included in compression to GaN. Whereas, breakdown voltage of

c-doped GaN is experimentally reported at concentration of 1018 to 1019cm−3

which is range from 550 - 820 V as reported in this paper [75]. On the other
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hand, Fe-doped GaN has improve the breakdown voltage and reached about

850 V with n-type generic doping in compression to GaN with generic doping

by n-type and Fe-GaN doped with p-type about 680 V and 700 V. For the

result, it can be said that studying the materials with actual doping included

during the parameters generation and calculation are effecting the value of

the breakdown voltage as we can see in figure 18.

Figure 18: The I–V curves of GaN HEMT including generic n- and p-type,
and C- and Fe-doped GaN.

The Figure 19 below is represent a difficult model to make experimen-
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tally where GaN is considered to be an acceptor type material and run the

simulation for all models. We notice that there are no significant change in

the value of the breakdown voltage when use this the same procedure as the

on apply to previous figure.

Figure 19: The I–V curves of GaN HEMT where GaN in an acceptor includ-
ing generic n- and p-type, and C- and Fe-doped GaN.

In conclusion, GaN-based HEMTs are the next revolution in power elec-

tronics for applications requiring high voltage, high current. By increasing

the breakdown voltage and minimizing defects in GaN HEMTs, it is possible
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to create more reliable GaN power amplifiers that operate at high bias. The

effect of C-doped and Fe-doped GaN on breakdown voltage was examined

using a model structure consisting entirely of an AlGaN barrier and a GaN

channel. TCAD atlas with Silvaco software was used to simulate the GaN

HEMT. According to the modeling results, less doping of the n-type GaN

channel results in a larger breakdown voltage. However, due to donor-like

impurities, it is experimentally impossible to have an undoped GaN chan-

nel. As a result, additional simulations performed with donor-like traps and

p-type carbon and Fe doping in the GaN channel. The comparison of sim-

ulations of the breakdown voltage for C-doped and Fe-doped GaN channel

layer indicated that a Fe-doped GaN result in a higher breakdown voltage.

To obtain a more accurate simulation of GaN HEMT, is to consider the pa-

rameters of a realistic model with their actual parameters instead of relaying

on the generic dopant.

4.6 X-ray Absorption Near Edge Structures (XANES) and

Electron Energy Loss Near Edge Structures (ELNES) of

GaN, C-doped GaN, and GaN

By coupling an electron energy loss spectrometer (EELS) to a modern

transmission electron microscopy system (TEM), electron energy loss near

edge structures (ELNES) can be determined. Due to the fact that ELNES is
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measured using transmission electron microscopy (TEM) or scanning trans-

mission electron microscopy (STEM), a spectrum can be obtained from a

few nano or subnano areas [22]. Using an X-ray source, X-ray absorption

near edge structures (XANES) measurements yield identical information to

transmission mode ELNES measurements. XANES can be obtained from

ultra-dilute dopants at a signal to noise ratio of a few ppm by combining a

highly sensitive multielement solid state detector (SSD) and a synchrotron

source [161]. The electronic transition from a core orbital to an unoccupied

band is reflected in ELNES and XANES, providing information about the

atomic and electronic structure of an objective atom [44, 156]. To interpret

the spectral features of XANES or ELNES and to apply the information

to chemical environments, good theoretical tools capable of reproducing the

spectra are required. Numerous theoretical studies have recently succeeded

in quantitatively reproducing experimental spectra [111, 112, 62]. Three con-

ditions were frequently met in these theoretical studies: 1) We considered a

core hole, which is an electronic hole in a core orbital associated with the elec-

tron transition process. 2) A sufficiently large supercell (approximately one

hundred atoms) was used to mitigate the effect of adjacent cell core-holes. 3)

A theoretical photo absorption cross section (PACS) spectrum proportional

to the probability of an electronic transition has been computed. Despite the

accuracy with which the calculations reproduced the experimental spectra,
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the relationship between spectral features and chemical information was not

discussed in detail.

The procedure of this calculation was done by interpreting the XANES/

ELNES data, first-principles orthogonalized linear combinations of atomic

orbitals (OLCAO) calculations were performed. The OLCAO technique has

previously been extensively described [33]. It is well established that the EL-

NES/XANES calculation must include a core-hole associated with an elec-

tron transitioning from a core-orbital to an unoccupied band. The orthog-

onalized process excludes only the core orbital of the core-holed atom. In

order to incorporate it into the OLCAO method, A large supercell is re-

quired to reduce interactions between nearby core-holes when a core-hole is

inserted into a periodic boundary system. 72 atom supercells were used in

this study for the wurtzite GaN, C-doped GaN, and Fe-doped GaN struc-

tures, respectively. Using such supercells, the distance between adjacent

cells with core-holed atoms can be kept to around 1 nm. The final and

ground states were calculated independently. Subtract the total energy at

the ground state from the total energy at the final state to obtain the theo-

retical transition energy. PACS was calculated theoretically as a function

of the transition matrix from a ground state core orbital to unoccupied

bands in the final state [112]. Because the calculations were performed

on large supercells, the self-consistent calculations used only one k-point
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in the Brillouin zone. To achieve a high degree of resolution, the PACS

calculation used eight k-points. We discovered that the OLCAO method

is extremely useful for calculating the XANES/ELNES of a wide variety of

systems [111, 162, 110, 142, 111, 112, 161]

The result of the calculated XANES spectra are in a good agreement with

the calculated and measure one that is presented in reference [111]. Up to

date there is lack of XANES experimental result related to C-doped GaN,

Fe-doped GaN, N-vacancy, and Ga-vacancy for direct comparison. However,

they are reported in this work that can be compare directly to any available

experimental data in the future.To compare the calculated and experimental

spectra, each PACS was broadened with a Gaussian function with FWHM

(full width at half maximum) = 1.0 eV. As illustrated in the figure 20, the

present calculation accurately reproduces the experimental spectrum of w-

GaN.The XANES shows how the local environment was change as well as the

K-edge peak is shift. The highest peak is shifted to lower energy and appears

at 10280 eV when Ga vacancy is present in GaN; whereas, the peak is shifted

towered higher energy about 10287 eV when N vacancy is presented. In fig-

ure 21, the top spectra is the experimental measure of XANES reported in

reference [152]. The calculated spectra is in a good agreement with the exper-

imental result [152] where the K-edge are both spectra show the peak located

at the same energy 407 eV. Figure 22 represents the calculated XANES of
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C k-edge in case of C substitute N and Fe. We can see how the peak is in a

good agreement in the case of C replaces N experimentally and theoretically.

On the other hand, when C is substituted Ga, energy of peak is shifted left

and the shape of spectra has change, which show the change of the local envi-

ronment. In figure 23, the theoretical XANES spectra is reported to see the

local environment when Fe replace N and Ga. Both spectra looks different

in the relative peaks and the first peak appear at lower energy about 7075

eV in case of Fe substitute N. On the Other hand, the first peak in when Fe

substitutes Ga appear at higher energy about 7078 eV with total different

spectra of Fe replace N. The outcome of the XANES/ELNES spectroscopy

calculation is that we were able to produce the theoretical result that mach

the experimental based on our proposed methods and the choosing dopants.
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Figure 20: Theoretical calculation
XANES/ELNES of Ga K-edge in w-
GaN. Top spectra represents K-edge
of Ga that was reproduce here see
reference [111] for direct comparison.
The middle specta represents the K-
edge of GaN in case of Ga-vacancy.
The bottom spectra K-edge of Ga in
present of N-vacancy.

Figure 21: Theoretical and ex-
perimental XANES/ELNES of N
K-edge in w-GaN. Top spectra
represents K-edge of N that was
measured experimentally reference
[152]. The middle spectra repre-
sents the K-edge of GaN in case of
C substitute N. The bottom spectra
K-edge of C k-edge where C substi-
tute Ga in GaN. It shows a good
agreement with experimental result
in case of C substitutes N.
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Figure 22: Theoretical and experi-
mental XANES/ELNES of C K-edge
in w-GaN. Top spectra represents K-
edge of C that was measured experi-
mentally reference [152]. The bottom
spectra K-edge of N k-edge in GaN. It
shows a good agreement with experi-
mental result.

Figure 23: Theoretical calculation
XANES/ELNES of Fe K-edge in w-
GaN. Top spectra represents K-edge
of Fe where Fe substitute Ga. The
bottom spectra K-edge of Fe where Fe
substitute N. No available measured
spectra to compare to at the moment.
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4.7 Summary

In this chapter, we successfully produced all required parameters for

TCAD based on simulation methodology. The results including mechani-

cal and optical properties, polarization properties, band structures, effective

masses, electron/hole effective masses, phonon properties, XANES/ELNES

spectroscopy, and more parameters were reported throughout this chapter

are useful to compute the transport properties such as electron drift velocity,

mobility, and scattering rate that are in a good agreement with experimental

reported results. In case of GaN, all results of the parameters calculated and

listed in this chapter is in an excellent agreement with experimental. Unfor-

tunately, there are no such date out there to the author knowledge in case of

C-doped GaN and Fe-doped GaN to compare to at this moment.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

We presented a new multiscale method based on simulation methodology

to overcome the lack of any of the parameters required for device simula-

tion (TCAD), which is applicable to any new materials and can predict the

materials parameters with a wide range of experimental data. Furthermore,

detailed results from model creation to quantum mechanical calculation on

electronic structure, polarization properties, phonon calculation, mechanical

and optical properties, transport properties, XANES/ELNES, and device

properties such as breakdown voltage of GaN, C-doped GaN, and Fe-doped

GaN are presented. To the best of our knowledge, these are the first at-

tempts at such calculations. This allows us to make detailed comparisons

of their structure and properties, as well as solve the problem of parameter

lack. The fundamental understanding of those three crystals can lead to

many applications as well as answers to questions about breakdown voltage.

For the future work, the computational methods presented in this disser-

tation would be useful to be used in more focus material properties stud-

ies, and used to generate various GaN models, four single-defect models

(GaN − CN , GaN − FeGa, GaN − VN , GaN − VGa), and twenty-seven

double-defect models for a total of thirty-two models overall. The double-
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defect models consist of nine base models that exhaustively pair each type

of single-defect (e.g., GaN −CN with GaN −CN , GaN −FeGa, GaN − VN ,

and GaN−VGa, etc. for the future times each of three different defect-defect

distances. Another challenging task is to create a PCSS module in TCAD

from scratch since that has not be achieved nor reported or discussed by

any TCAD’s users, yet. Various defect models and GaN PCSS are shown in

Figures below.

Figure 24: GaN with N-
vacancy (white color).

Figure 25: GaN with Ga-
vacancy (white color).
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Figure 26: Various models of GaN PCSS switches. This demonstrates the
ability to specify specific desired geometries and types of contact interfaces
of our own creation.
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Appendix A

Table 16: All Computed Parameters Throughout this Work

Parameter Symbol Syntax Units GaN GaN-C GaN-Fe
Electron eff. mass (z) mcz MZZ m0 0.24 0.26 0.31
Electron eff. mass (t) mct MTT m0 0.23 0.26 0.31
Hole eff. mass param. A1 A1 -6.92 -7.02 -7
Hole eff. mass param. A2 A2 -0.674 -0.71 -0.8
Hole eff. mass param. A3 A3 6.02 6.08 6.13
Hole eff. mass param. A4 A4 -2.476 -2.52 -2.61
Hole eff. mass param. A5 A5 -3.21 -3.31 -3.35
Hole eff. mass param. A6 A6 -4.67 -4.76 -4.79
Valence band reference Ev0 eV -2.651 -2.54 -2.31
Direct band gap (300K) Eg(300) eV 3.49 3.22 3.96
Spin-orbit split energy D1 DELTA1 eV 0.0217 0.0217 0.0218

Crystal-field split energy D2 DELTA2 eV 0.012 0.012 0.012
Lattice constant a0 ALATTICE A 3.189 3.191 3.194
Elastic constant C33 C33 GPa 346.623 338.426 321.574
Elastic constant C13 C13 GPa 73.369 75.681 62.212

Hydrostatic deformation potential ac AC eV -4.084 -4.084 -3.22
Shear deform. potential D1 D1 eV -4.52 -4.58 -4.7
Shear deform. potential D2 D2 eV -8.01 -8.12 -8.17
Shear deform. potential D3 D3 eV 5.55 5.63 5.69
Shear deform. potential D4 D4 eV -2.97 -3.01 -3.08

Polar optical phonon energy (meV) 84.41 86.21 87.19
Static Dielectric function dielectric 5.51 11.15 13.6

High-frequency dielectric constant 5.33 5.47 5.70
Spontaneous polarization -0.02875 -0.018 -0.0142

Piezoelectric constant (z) (e33) 0.88 0.47 - 0.517
Piezoelectric constant (x,z) (e31) -0.27 -0.25 - 0.52
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Appendix B

Input files INCAR used for Hybrid VASP calculation are listed. INCARs file

are listed based on the order of using for band structure calculation usnig

HSE06 within VASP. INCARs are used for all models with the same setup.

INCAR-1

SYSTEM =GaN

LWAVE = .True.

LREAL = Auto

Parameters

ISMEAR = 0

SIGMA = 0.05

ENCUT = 520

PREC = Accurate

Cell Optimisation

EDIFFG =-0.005

EDIFF = 1E-5

ISIF = 3

IBRION = 2

INCAR-2
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SYSTEM = GaN

ICHARG = 11 use charge density from file; do not update

LWAVE = .True.

LREAL = Auto

Parameters

ISMEAR = 0

SIGMA =0.05

ENCUT = 520

PREC =Accurate

CellOptimisation

EDIFF = 1E-5

NSW = 0

INCAR-3

HSE06 Calculation

ICHARG = 1

ISTART = 0

LCHARG = .TRUE.

LHFCALC= .TRUE. (Activate HF)

AEXX = 0.36 (25% HF exact exchange, adjusted this value to reproduce exp

erimental band gap)
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HFSCREEN= 0.2 (Switch to screened exchange; e.g. HSE06)

ALGO = ALL (Electronic Minimisation Algorithm; ALGO=58)

TIME = 0.4 (Timestep for IALGO5X)

PRECFOCK= N (HF FFT grid)

! NKRED = 2 (Reduce k-grid-even only, see also NKREDX, NKREDY and

NKRE DZ)

HFLMAX = 4 (HF cut-off: 4d, 6f)

LDIAG = .TRUE. (Diagnolise Eigenvalues)

LVTOT = .TRUE.

INCAR for Phonon calculation.

ISMEAR = 0 (Gaussian smearing)

ISTART = 1

ICHARG = 0

SIGMA = 0.05 (Smearing value in eV)

IBRION = 8 (determines the Hessian matrix using DFPT)

EDIFF = 1E-08 (SCF energy convergence; in eV)

PREC = Accurate (Precision level)

ENCUT = 520 (Cut-off energy for plane wave basis set, in eV)

IALGO = 38 (Davidson block iteration scheme)

LREAL = .FALSE. (Projection operators: false)
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LWAVE = .FALSE. (Write WAVECAR or not)

LCHARG = .FLASE. (Write CHGCAR or not)

ADDGRID= .TRUE. (Increase grid; helps GGA convergence)

NSW = 1

INCAR for Mechanical calculation.

System = GaN

IBRION = 6

ISIF = 3

ENCUT = 520

EDIFF = 1E-05

NFREE = 2

POTIM = 0.015

SIGMA = 0.05

INCAR for Piezoelectric calculation.

EDIFF = 1e-05

IBRION = 8

ISMEAR = 0

LAECHG = True

LCHARG = True
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LEPSILON = True

LRPA = TRUE

LPEAD = True

LREAL = Auto

PREC = Accurate

SIGMA = 0.05
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