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Abstract

For power electronic devices, wide band gap (WBG) semiconductors are most attractive

owing to their excellent physical properties, that they can sustain much higher voltages, fre-

quencies, and temperatures than conventional semiconductors. As the most common power

device, the metal–oxide–semiconductor field-effect transistor (MOSFET) has been driving the

rapid exponential growth of modern semiconductor technology since the 1960s. With contin-

uous development of device optimization and improvements in the production process, MOS-

FET fabricated based on the Si is reaching its performance limit. Instead, 4H-SiC has become

prevalent for power device applications. However, the greatest challenge in 4H-SiC MOSFET

is the low channel mobility that is primarily attributed to the poor SiC/SiO2 interface qual-

ity. Various chemical treatments have been adopted to reduce the interface trap densities, the

channel mobility is still low. Alternatively, using high-κ dielectrics with suitable band gaps to

replace the conventional SiO2 as gate insulators is a promising approach for improving the SiC

device performance.

In this study, we first produce an array of realistic models of the (0001) Si-face of the 4H-

SiC with SiO2 using first principles calculations within the density functional theory (DFT) to

understand the role of nitrogen in the improvement of the SiC/SiO2 interface. Electron density

profiles of the model interfaces match those obtained by X-ray reflectivity (XRR), suggesting

that nitridation of the interfaces from NO annealing yields a higher Si density near the inter-

faces. Moreover, we find that the addition of N stabilizes the interface by reducing strain with

no introduction of interfacial gap states. Subsequently, we screen high-κ dielectrics for 4H-SiC

MOSFETs using first principles calculations within the DFT and identify alkaline earth metal

fluorides AF2 (A = Mg and Ca) and LiF as promising high-κ/large band gap dielectrics candi-

dates. The properties of model interfaces formed using similar approaches to those of SiC/SiO2

systems, as well as the 4H-SiC/Al2O3 interface models are analyzed and the band offsets of

these 4H-SiC/high-κ dielectrics interfaces are compared against limited experimental data. We
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find that O terminated 4H-SiC (0001) surface is advantageous to LiF/4H-SiC and AF2/4H-SiC

(A = Ca and Mg) interfaces in reducing mid-gap states. We note that both H and N passivated

Al2O3/4H-SiC interfaces effectively remove the mid-gap states. Lastly, we investigate other

alternative high-κ dielectrics for 4H-SiC, such as MgO and MgxCa1�xO. The electronic band

structures of MgO/4H-SiC and MgxCa1�xO/4H-SiC heterostructures are analyzed as well as

the band offsets. Overall, this work offers insights on the potential use of alternative high-κ

dielectric materials in wide band gap electronic applications.
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Chapter 1

Introduction

1.1 Wide Band Gap Semiconductors

1.1.1 Background

Power electronics have penetrated almost all �elds where the conversion of electric power is

involved, from our daily life to military defense and aerospace. They can be widely used as

switching power supply, DC motor drivers, power factor correction, and so on. The conven-

tional silicon (Si) technology has been dominant in power electronics for many years but is

reaching its performance limits in new emerging applications [20]. Therefore, the key for the

next step towards the next-generation power electronics lies in the use of new semiconductors

endowed with superior physical properties than Si.

In comparison with the conventional semiconductors whose band gap are in general below

2 eV, wide band gap (WBG) semiconductors have larger band gaps allowing them to sustain

higher voltages, frequencies, and temperatures [21]. In fact, the wide band gap factor is partic-

ularly important for permitting devices to operate at high temperatures. The band gap decreases

with the increasing temperatures. The device made with a WBG semiconductor can continue

to function in much higher temperatures, on the order of 300 °C [22]. Withstanding the higher

temperatures, it can also operate at much higher power. Moreover, most WBG materials also

have high drift velocity that is directly representing high frequency switching capabilities. In

light of these intrinsic properties, WBG semiconductors become the ideal options for power

electronics with greater power ef�ciency and harsh environment tolerance.

1



Figure 1.1: Possible power electronics applications of GaN and SiC from the aspects of output
power and operating frequency, adapted from [1].

1.1.2 Wide Band Gap Semiconductors for Power Electronics

Many IV materials, III-V, II-VI compound semiconductors and oxides such as Boron Nitride

(BN), Aluminum Nitride (AlN), Zinc Oxide (ZnO) and� � Ga2O3 are WBG materials. The

current research focus is the WBG materials such as Silicon Carbide (SiC), Gallium Nitride

(GaN) and Diamond. Though diamond has ultra wide band gap as well as excellent thermal

conductivity, the relevant research is still in the early stages. Figure 1.1 [1] shows the possible

applications of GaN and SiC in future market when compared to Si. Both GaN and Si are

constricted in the low and medium range of the output power, but GaN can work at relatively

high operating frequencies that makes it suitable for electric power conversion, such as AC to

DC recti�ers, DC to AC inverters, DC to DC and AC to AC converters circuits. In contrast, the

target of SiC is higher output power making it ideal for generation of power switching devices.

The unique advantages of SiC and GaN over Si are shown in Fig. 1.2 [2]. The SiC domi-

nates the high-voltage range (above� 1000 V) and high-temperature applications due to its high

thermal conductivity, high melting point, and wide band gap, along with the low defect density
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Figure 1.2: Comparison of the �gures of merit of Si and WBG semiconductors SiC and GaN,
adapted from [2].

in the bulk that is not shown here. The overwhelming performance in high frequency switching

of GaN is resulted from its high carrier mobility. Current GaN on Si substrates via epitaxial

growth technology operate well only at mid-range voltage range and has been prevented from

operating at higher voltages. For instance, the breakdown voltage of GaN transistors is merely

up to 1000 V, which is attributed to its high defect density. Without appealing unique proper-

ties as the WBG semiconductors, Si is not competitive in the high-voltage and high-temperature

condition, in particular at the high frequency switching [2, 23].

Table 1.1: Physical properties of Si and several common WBG semiconductors [13].
Properties Si 4H-SiC GaN Diamond

Band gapEg (eV) 1.12 3.26 3.45 5.45
Dielectric constant� r 11.9 10.1 9 5.5

Electric breakdown �eldEc (kV/cm) 300 2200 2000 10000
Electron mobility� n (cm2/V�s) 1500 1000 1250 2200

Hole mobility � p (cm2/V�s) 600 115 850 850
Thermal conductivity� (W/cm�K) 1.5 4.9 1.3 22

Baliga's �gure of merit (BFM) 1 223.1 186.7 25106

The Properties of Si and some common WBG semiconductors are shown in Table 1.1 [13].

Here the Baliga's �gure of merit (BFM) measures the speci�c on-resistance (Ron� ideal ) (per

unit area) of the drift region of a vertical �eld effect transistor (FET). The speci�cRon� ideal

corresponds to the resistive energy loss in the ideal material that can be impacted by the physical
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properties of semiconductors. Thus, BFM is given by Eq. 1.1 [24]:

BFM = � r � nE 3
c =

4B 2
V

Ron� ideal
(1.1)

where� r is the dielectric constant of semiconductor,� n is the electron mobility,Ec is the

electric breakdown �eld, andBV is the desired breakdown voltage. Based on the de�nition,Ec

has a larger impact on the BFM due to the cubic factor.

WBG semiconductors are expected to revolutionize the power electronics at high power

and high frequencies. Both SiC and GaN are important at present, although each of them offers

unique advantages over the other. This work is focused on discussion of SiC-based platforms

and its performance improvement via different aspects.

1.2 Silicon Carbide

Silicon carbide (SiC) is a WBG semiconductor compound containing silicon and carbon. The

Si and C atoms in the crystal are linked by strong tetrahedral covalent bonds sharing electron

pairs in sp3 hybrid orbitals. The natural occurrence of SiC is extremely rare as mineral moissan-

ite. Despite its rareness, SiC is found substantially common in space and in meteorites. Hence,

the majority of SiC in the market is synthetic in various processes after the �rst SiC was grown

by Edward G. Acheson in 1890 [25].

1.2.1 Crystal Structure

SiC can exist in more than 250 different structures called polymorphs, that have been identi�ed

by 2006 [26]. Apart from various amorphous forms of SiC in thin �lm and �bers [27], a large

number of similar crystalline structures called polytypes are also observed. These polytypes

remain the same chemical compound but differ in the stacking sequences of the basic SiC

bilayer component [28]. Therefore, they can be viewed as closely stacked layers with two

identical dimensions but different third dimension.

Three most common SiC polytypes are shown in Fig. 1.3 [3]. They are hexagonal SiC

(6H- and 4H-SiC) and cubic SiC (3C-SiC, also known as� -SiC). The number in the de�nition
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Figure 1.3: The stacking sequence of three most commonly SiC polytypes, 6H-SiC, 4H-SiC,
and 3C-SiC, adapted from [3].

originates the number of SiC bilayers in the staking sequence. For instance, in the unit cell of

6H-SiC, the SiC bilayers along the third (vertical as shown) direction are stacked in a repeated

sequence ABCACB. The stacking sequences of 4H-SiC and 3C-SiC are ABCB and ABC,

respectively. Here, A, B, and C label the atoms' con�guration in the layers.

1.2.2 Physical Properties

As described in Section 1.2.1, both 6H- and 4H-SiC have a wurtzite (hexagonal) structure and

3C-SiC has a zincblende (cubic) structure. A polarization is spontaneously generated in the

direction [0001] of the wurtzite structure. Hence, two polar faces (the Si-face and C-face)

would posse higher planar charge density than the bulk. The properties of those SiC polytypes

are shown in Table 1.2 [14], compared with those of silicon. As discussed prior, SiC is more

bene�cial than Si for enhancement of device performance at high voltage due to the larger

band gap. Among the polytypes, 4H-SiC has larger band gap and higher breakdown �eld

than the 6H-SiC and 3C-SiC, that results in higher breakdown voltage for a �xed thickness

of device active layer. Based on Eq. 1.1, higher breakdown �eld allows drastic reduction of

Ron� ideal , and correspondingly the power loss. Furthermore, 4H-SiC has low intrinsic carrier

concentration at room temperature, which effectively prevents the leakage currents even in

high-temperature operations. Thus, we are convinced that 4H-SiC is more desirable for power

electronics applications.
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Table 1.2: Physical properties of Si and the most common SiC polytypes in comparison with
those of Si, adapted from [14].

Properties Si 6H-SiC 4H-SiC 3C-SiC
Band gapEg (eV) 1.12 3.08 3.26 2.35

Breakdown �eldEc (kV/cm) (atND = 5� 1015 /cm) 300 2200 2300 1500
Intrinsic carrier concentrationni (/cm3) (at T=300 K) 1.0� 1010 1.6� 10� 6 5� 10� 9 1.5� 10� 1

Electron mobility� n (cm2/V�s) 1350 370 800 900
Hole mobility � p (cm2/V�s) 480 80 120 40

Saturated electron velocityvs (107 cm/s) 1 2 2 2
Thermal conductivity� (W/cm�K) 1.5 4.9 4.9 4.9

Dielectric constant� r 11.8 9.7 9.7 9.6
Electron af�nity (eV) 4.05 3.3 3.1 3.8

The signi�cance of the wide band gap for SiC has been fully emphasized. The dependence

of band gap on temperature is also worth a discussion, as shown in Fig. 1.4 [4]. The band gap

of SiC polytypes decreases as temperature increases. This is because the interatomic spacing

increases and less energy is needed to break a bond, leading to a smaller potential seen by

electrons in the materials. In addition, SiC can be doped with different impurities to form n-

or p-type semiconductor. Figure 1.5 [5] shows the variations of band gap (the energy distance

between the valence band and conduction band shifts) versus doping density. The band gap

narrowing of n-type 4H-SiC is evidently larger than that of 6H-SiC at high donor concentrations

(left). In contrast, the p-type SiC polytypes have almost the same band gap narrowing for a �xed

acceptor concentration (right).

Figure 1.4: The band gap of SiC polytypes versus temperature [4].

6



Figure 1.5: Conduction band (in the lower half) and valence band shifts (in the upper half)
for 4H– and 6H–SiC versus ionized donor concentration in purely (a) n-type and (b) p-type
material, adapted from [5].

1.3 Metal–Oxide–Semiconductor Field Effect Transistor

Metal–oxide–semiconductor �eld effect transistor (MOSFET) is the most widely used semi-

conductor device [29] functioning as the core component in an integrated circuit [30] since its

�rst appearance in 1960. The MOSFET is commonly used as a small signal linear ampli�er

or a switch in power electronics. It is available in very small size and easy to manufacture on

a mass-production basis. There is no doubt that the development of MOSFET is driving the

rapid growth of electronic semiconductor technology.

1.3.1 Device Structure

A MOSFET is a four-terminal device that is comprised of source (S), gate (G), drain (D) and

body (B) terminals. The S and B terminals are usually connected to the ground. The basic

MOSFET structure is shown schematically in Fig. 1.6. The gate electrode (metal material or

polysilicon) is electrically isolated from the body substrate by an insulating layer. If a dielec-

tric material other than an oxide is inserted between the gate and body, the device is referred

more precisely as a metal-insulator-semiconductor �eld effect transistor (MISFET). The S and

D terminals are connected to individual highly doped regions between which the conduction

channel is formed. The current �owing through the channel can be modulated by the voltage

7



applied to the gate. Hence, A MOSFET acts like a resistor where the current is changing with

the controlled gate voltage, leading to its use for amplifying or switching electronic signals.

Figure 1.6: Schematic of a (n-channel) MOSFET.

The MOSFET is classi�ed into two types based on the majority charge carriers in the con-

duction channel. The electrons (holes) �ow in the n-channel (p-channel) MOSFET. Accord-

ingly, the two regions connected to S and D terminals are n-type (p-type) and the semiconductor

body is p-type (n-type). The conventional MOSFET is fabricated typically by the controlled

oxidation process of Si. During this process, the gate dielectric silicon dioxide (SiO2) can be

easily grown on Si substrate.

1.3.2 Modes of Operation

A MOSFET can function in two different modes: depletion mode and enhancement mode.

The former is less common than the latter. The depletion MOSFET is a ”normally closed”

device in which the channel conducts even without an applied gate voltage. In contrast, the

enhancement MOSFET is normally “OFF” when the gate voltage is equal to zero. The device

has to be turned on by a non-zero gate voltage. Namely, a positive gate voltage turns on the n-

channel enhancement mode MOSFET; in contrast a negative gate voltage makes the p-channel

enhancement mode MOSFET conduct. Figure 1.7 [6] shows that for n-channel enhancement

mode MOSFET the conductivity (as shown in current ID ) is enhanced with a positive gate

voltage (VGS) with different values.
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Figure 1.7: The current through the channelI D for n-channel enhancement mode MOSFET
versus the source to drain voltageVDS at different gate voltagesVGS , adapted from [6].

1.4 Interface Defects

The 4H-SiC based MOSFET has been recognized as an excellent candidate for power electron-

ics due to its wider band gap and higher breakdown �eld than Si as discussed earlier. 4H-SiC

also shares SiO2 as the native oxide with Si. Therefore, the mature Si technology can be easily

applied to enable the design of SiO2/4H-SiC interface. However, the dominant factor that limits

the implementation of 4H-SiC based MOSFET is the poor quality of the SiO2/4H-SiC inter-

face. The channel mobility for devices fabricated with oxidized 4H-SiC is very low, typically

less than 10 cm2/V�s [31], despite its high bulk mobility.

Previous reports have ascribed the low channel mobility to the high densities of interface

states near the SiO2/4H-SiC interface [32, 33, 34, 35]. When compared to SiO2/Si interface

that has defect density of below 1010/cm2�eV, the interface states of the SiO2/4H-SiC interface

are found to be order of 1011/cm2�eV in the middle of the band gap and 1013/cm2�eV within

� 0.05� 0.2 eV of the conduction band edge [36, 37]. The distribution of defect states for

4H-SiC MOS devices is illustrated in Fig. 1.8, adapted from [7]. It has been agreed upon

that the� -bonded carbon clusters and dangling bonds are responsible for the mid-gap states,

whereas the intrinsic defects in SiO2 very close to the interface, so called near-interface traps

and� -bonded carbon clusters are the main reason for the interface states near the conduction

band edge [38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48]. The SiC MOS devices are mainly
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n-channel designed, thus the acceptor-like near-interface traps have the most impact on the

channel conductivity because they can result in charge trapping and Coulomb scattering [49].

Figure 1.8: Interface trap density versus energy, adapted from [7].

.

1.5 Motivations

1.5.1 Nitrogen-induced Changes in The Properties of SiO2/4H-SiC Interfaces

The 4H-SiC MOS devices performance is limited by the high densities of interface states. Con-

siderable efforts have been made to measure quantitatively the densities of interface defects and

ascribe the interface states in a certain energy range in the band gap to certain type of defects.

However, it is incredibly dif�cult to identify all the defects as a result of the highly disordered

interface structures obtained in experiments. Hence, systematic studies of the SiO2/4H-SiC

model interfaces are essential to understand the atomic con�gurations of the interfaces and

qualitatively characterize the resulting properties.

Simultaneously, various surface treatments have been employed to passivate the defects of

high densities, such as wet or dry oxidation [50, 51], using doped gate oxide [52], nitridation

including either post oxidation annealing [53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 38,

66, 67, 68] or combined oxidation/annealing [69, 70]. Nitridation has become the most reliable

and effective treatment by experiments. However, it is found that the channel mobility is still
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low. Therefore, with the realistic SiO2/4H-SiC model interfaces, understanding the effects of

nitrogen atoms on the electronic and structural properties of SiO2/4H-SiC model interfaces

might provide us a good starting point for upgrading the device performance via effectively

improving the chemical treatments.

1.5.2 Alternative High-� Dielectrics for 4H-SiC

The SiO2 can be easily grown on 4H-SiC, but it is not precisely quali�ed as a good gate di-

electric for 4H-SiC. Aside from the high densities of interface states near the SiO2/4H-SiC

interface, the physical properties of SiO2 itself also hinder the full advantages of 4H-SiC for

power electronics. As a result of size-scaling in 4H-SiC based MOSFET, the thickness of SiO2

�lm becomes so thin. However, this thin oxide layer is insuf�cient to effectively prevent the

gate leakage current due to direct tunnelling of electrons. Thus it is desirable to replace SiO2

as a gate oxide for 4H-SiC. The leakage current decreases with increasing thickness of gate di-

electric �lm. The central part of a MOSFET is the MOS structure (see Fig. 1.6). The insulating

dielectric is adjacent to the semiconductor substrate. According to Gauss' law, the electric �eld

in the MOS structure can be expressed as:

E ins =
� s

� ins
Es (1.2)

where the� s (� ins ) is the dielectric constant of the 4H-SiC (insulator), andEs (E ins ) is the

electric �eld in the 4H-SiC (insulator) [71, 72]. The dielectric constant of 4H-SiC (� s = 9.7)

is � 2.5 times higher than that of SiO2 (� ins = 3.9). Thus, the breakdown of SiO2 would occur

before that of 4H-SiC because the electric �eld in SiO2 is � 2.5 times higher than 4H-SiC. The

MOS device will experience breakdown below the critical electric �eld of 4H-SiC. As a result,

the advantages of 4H-SiC are not demonstrated if the gate dielectric has a much lower dielectric

constant than 4H-SiC. Hence, using alternative high-� dielectrics to replace SiO2 as the gate

dielectric for 4H-SiC is bene�cial for device operation at high voltage. From the perspective of
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the MOS capacitance, that is simply the capacitance of a parallel plate capacitor:

C = � ins
A
d

(1.3)

whereA is the area of plates andd is the thickness of the gate insulator. If we desire to achieve

a capacitance equivalent as in SiO2, the MOS capacitor can be made thicker using a dielectric

with higher dielectric constant than SiO2. Consequently, the device performance is advanced

because of smaller gate leakage current due to thicker dielectric �lm.

1.6 Thesis Outline

The goal of this work is to characterize the properties of the interfaces formed by 4H-SiC

(0001) and oxides (and dielectrics) using �rst principles calculations within Density functional

theory (DFT). Understanding the nitrogen effect on the SiO2/4H-SiC interfaces reveals the

mechanisms of chemical treatments which in turn help further improve the device performance.

Moreover, identifying promising alternative high-� dielectrics as the suitable gate dielectrics

for 4H-SiC offers a different path for upgrading the device performance and reliability.

In Chapter 2, the methodologies employed to calculate the properties of crystals are dis-

cussed, including the density functional theory (DFT) and electrostatic potential-based align-

ment method. In Chapter 3, the role of nitrogen in the SiO2/4H-SiC interfaces is investigated

via large scale �rst-principles calculations within DFT. The electric and structural properties of

a series of SiO2/4H-SiC model interfaces are also computed. In Chapter 4, alternative high-�

dielectric candidates are identi�ed from high throughput screening of alkaline earth metal di-

halides (AX 2) formed by alkaline earth metal (A = Mg, Ca, Sr and Ba) and halogen (X = F, Cl,

Br and I). The stable phases, band gaps and dielectric constants ofAX 2 are computed within

DFT framework. In Chapter 5, the electrical properties of the model interfaces between 4H-SiC

and the candidate high-� dielectrics are characterized within DFT framework. Different surface

passivation methods are employed to form those model interfaces and the relation between the

properties and atomic con�gurations of intefaces are discussed. In Chapter 6, the MgO/4H-SiC

and MgxCa1� xO/4H-SiC heterostructures are formed to study their electronic properties. The

12



band offsets of the heterostructures are estimated. In Chapter 7, the conclusions of this work

are summarized and the future work is also described.
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Chapter 2

Methodology

2.1 Summary

In this Chapter, we describe the density functional theory employed through this work to char-

acterize the properties of bulk materials and interface models, as well as Hartree and Hartree-

Fock methods for solving the many-body problem in solids. We also introduce the electronic

band structure and crystal lattice (both direct and reciprocal lattice). Furthermore, the post-

calculation analysis of data is discussed that includes the search of epitaxial relation between

two materials for heterostructure building, computing the macroscopic average of electron den-

sity pro�les, and evaluating the band alignments using electrostatic potential-based alignment

method.

2.2 The Many-body Problem and Hartree-Fock Method

A solid is a collection of atoms that are composed of heavy nuclei and lighter electrons bound

to the nuclei. The prediction of the properties of systems from the �rst principles calculations,

requires solving the many-body problem. The Born-Oppenheimer approximation [73] made

the �rst simpli�cation that the electronic and nuclear degrees of freedom are separated, which

is justi�ed by that the electrons are much less massive and move much faster than the nuclei.

Thus, the Hamiltonian for many-electron system is written as Eq. 2.1

Ĥ = T̂ + V̂ + V̂ext (2.1)
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whereT̂ corresponds to the kinetic energy of the electron gas,V̂ is the potential energy due to

electron-electron interactions, andV̂ext refer to the potential energy of the electrons in the (now

external) potential of the nuclei. The �rst two terms are universal butV̂ext is dependent on the

speci�c system.

Hartree approach simpli�es the problem by assuming the form of the many-electron wave-

function is the product of many single-electron wavefunctions. The Hamiltonian of the system

can be found using the variational principle. Nonetheless, this approach does not produce par-

ticularly good results, as a result of ignorance of the Pauli exclusion principle. In other words,

the product wavefunction is symmetric.

As an improvement, Hartree-Fock (HF) method writes the ground state wavefunction as a

slater determinant of single particle orbitals [74, 75, 76, 77, 78]. In such way, the wavefunction

is more complicated but now antisymmetric. The energy of the system is evaluated by the sum

of the one-electron Fock operator,F̂ [� j ](1) generated by the orbitals� j , that is outlined below:

F̂ [� j ](1) = Ĥ core(1) +
N=2X

j =1

[2Ĵj (1) � K̂ j (1)] (2.2)

where the expectation value of one-electron core HamiltonianĤ core(1) produces the single

electron kinetic energy and potential energy due toN � atomic nuclei:

Ĥ core(1) = �
1
2

r 2
1 �

X

�

Z �

r1�
(2.3)

Also, the Coulomb operator̂Jj (1) de�nes the electron–electron repulsion energy due to each

of the two electrons in thej th orbital, and the exchange operatorK̂ j (1) de�nes the electron

exchange energy as a consequence of the Pauli exclusion principle.

The HF method has proven to produce more creditable results for small molecules but

fails for solids. The reason is that this method ignores the electrostatic correlation effect that

originates the correlated motion of electrons, though the exchange effect has been taken into

account.
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2.3 Density Functional Theory

Density functional theory (DFT) is based upon Hohenberg-Kohn (HK) theorems [79] that state,

for an interacting many-body system, the one-to-one correspondence between the external po-

tentialVext and the ground state density� (r ) which minimizes the energy of the system. Thus

based on Eq. 2.1, the ground state energy functionalE[� (r )] can be written as an unique func-

tional of � (r ):

E [� (r )] = F [� (r )] +
Z

� (r )Vext (r )dr (2.4)

whereF [� (r )] = T + V is called HK density functional that is unknown and universal for

any many-electron system. Until 1965, the Kohn-Sham (KS) equation [80, 81] decomposes

F [� (r )] explicitly into several contributions to the total energy. Therefore, the total energy of a

Kohn–Sham system is expressed below:

E[� ] = Ts[� ] + EH [� ] + Exc[� ] +
Z

� (r )Vext (r )dr (2.5)

whereTs is the non-interacting (single particle) kinetic energy,EH is the Hartree (or Coulomb)

energy, andExc is the exchange-correlation energy. Here, the exact ground-state density� (r )

of an N-electron system is given by the single-electron wavefunction� i :

� (r ) =
NX

i =1

� i (r )� � i (r ) (2.6)

By invoking the variational principle, the KS equation is solved in a self-consistent way,

as shown in Fig. 2.1 [8]. Provided that the closer the initial guess of� (r ) is to the correct wave

function, the less the number of iterations is.

2.3.1 Local Density Approximation

To solve for the KS equation, approximations have to be made for the exchange-correlation en-

ergyExc(� ). The simplest approximation is the local density approximation (LDA), assuming

that the exchange-correlation energy depends solely upon the local density at a pointr , which
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Figure 2.1: Flow chart of self-consistent procedure to solve the Kohn-Sham equation, adapted
from [8].

may be expressed as an explicit functional of� (r ) [80]:

E LDA
xc (� ) =

Z
� (r )� HEG

xc [� (r )]dr (2.7)

=
Z

� (r )� HEG
x [� (r )]dr +

Z
� (r )� HEG

c [� (r )]dr (2.8)

= E LDA
x (� ) + E LDA

c (� ) (2.9)

where� HEG
xc (� (r )) represents the exchange-correlation energy per particle of a homogeneous

electron gas (HEG) of density� (r ). The exchange energy functionalE LDA
x (� ) � � (r )4=3 [82]

and the correlation energy functionalE LDA
c (� ) can be extrapolated numerically from analytical
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low and high density limits [83, 84] and quantum Monte Carlo results [85, 86, 87, 88] for inter-

mediate densities. The LDA in general produces smaller band gap values because the simple

assumption of uniformity in LDA underestimates the exchange energy while overestimating

the correlation energy [79, 89].

2.3.2 Generalized Gradient Approximation

Another approximation to theExc(� ) is the generalized gradient approximation (GGA), which

depends not only on the local density but also on the density in the neighbouring volumes (the

gradient of the density) that can be expressed as:

E GGA
xc (� ) =

Z
� (r )� GGA

xc [� (r ); r � (r )]dr (2.10)

where� GGA
xc [� (r ); r � (r )] is the gradient expanded single particle exchange-correlation func-

tion. This is a further improvement on LDA via a gradient correction which helps describe

the inhomogeneity in the electron density. The Perdew-Burke-Ernzerhof (PBE) functional [90]

remains the most popular choice among GGA because it is a non-empirical functional and pro-

duces results with reasonable accuracy over a wide range of systems. In comparison with the

LDA that is known to overbind, the GGA tends to overcorrect LDA's overbinding and overes-

timate the cell parameters [91, 92]. Both LDA and GGA in general produce smaller band gap

than experiment.

2.3.3 Heyd–Scuseria–Ernzerhof Functional

The Heyd–Scuseria–Ernzerhof (HSE) screened hybrid functional[93] is a common hybrid ap-

proach that approximates theExc(� ) in DFT by incorporating a certain amount of the HF ex-

change with the rest of exchange–correlation energy from other sources. The HSE functional

is an adaptation of the PBE0 functional which mixes the exact non-local HF exchange with the

exchange from PBE, where only short-range HF exchange but no long-range HF exchange is

mixed. The reason for avoiding the effect of long-range HF exchange is the exact-exchange

energy converges very slowly with the distance for periodic systems, the short range screened
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Coulomb potential enables higher electron localization which in turn improves the electronic

band structure calculations. The most general form of the HSE functional is expressed in

Eq. 2.11:

E !P BEh
xc = �E HF

x (! )

�
�
�
�
�
SR

+ (1 � � )E P BE
x (! )

�
�
�
�
�
SR

+ E P BE
x (! )

�
�
�
�
�
LR

+ E P BE
c (! ) (2.11)

where! is the screening length, and� is the mixing parameter, which is 0.25 in the PBE0

functional. The HSE calculation produces better results in band gap for most systems when

compared to the LDA or GGA. However, computational cost of the HF portion scales asN 4

(whereN is the number of electrons) instead ofN 3 of DFT [94]. This poor scaling makes the

study of the systems using hybrid approaches computationally prohibitive.

2.4 Electronic Band Structure

The electrons in an isolated atom occupy only discrete energy levels. When two atoms are

brought together very closely, the electrons from two atoms interact with each other via over-

lapping their atomic orbits. In the two-atom system, the energy levels of electrons will split into

closely spaced two energy levels. Similarly, the electrons ofN atoms in a solid interact, caus-

ing each energy level to split into closely spacedN energy levels. AsN is a very large number,

the energy of the adjacent levels is so close together to form a continuous energy band [95].

The bands represent the available electronic states, while band gap is an energy range where no

electronic states can exist. The Fermi energy refers to the highest energy level that an electron

can occupy at the absolute zero temperature. Metals exhibit no band gap at the Fermi energy,

semiconductors exhibit a small band gap and insulators exhibit large band gap [96]. Hence, the

electronic band structure is used to visualize the wavevector-dependence of the energy levels

that electrons may have and not have within it, the band-gap, as well as electronic transition.

2.5 Crystal Lattice

The arrangement of atoms in a crystal is described by the crystal (Bravais) lattice that spans

the entire space by the repetition of unit cell in different directions. For any three-dimensional
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Figure 2.2: (Left) The unit cell of hexagonal lattice, whereax (x = 1,2,3) are the primitive
lattice vectors, and
 is the angle betweena1 anda2. (Right) The �rst Brillouin zone (BZ) of
hexagonal lattice, wherebx (x = 1,2,3) are the reciprocal lattice vectors. The high-symmetryk
points� , M, K, A, L and H are also shown [9].

(3D) lattice, the unit cell is a parallelepiped de�ned by a set of lattice parameters (length and

angles) [97]. As one of the fourteen Bravais lattices, the hexagonal (HEX) unit cell is shown

in Fig. 2.2 (left). The angle between the primitive lattice vectorsa1 anda2 is 120°, while the

primitive lattice vectorsa1 ? a3 anda2 ? a3. Due to the periodicity of the lattice, electrons in

a crystal may be subjected to a periodic potential. Bloch theorem states that the eigenfunctions

(also known as Bloch states) of the Schrödinger equation for a periodic potential can be written

as the product of a plane waveei k �r and a functionuk (r ) with the same periodicity as the crystal

lattice [98]:

' k (r ) = ei k �r uk (r ) (2.12)

wherek is the crystal momentum vector. Similar to the concept of unit cell in Bravais lattice,

k can be restricted to the �rst Brillouin zone (BZ) of the reciprocal lattice [99]. The Brillouin

zone of HEX lattice is shown in Fig. 2.2 (right) [9], where the reciprocal lattice vectorsbx (x=

1,2,3) traces three sides of the unit cell of the reciprocal lattice.

Based on the Bloch theorem, for the samek, the eigenstates can vary with the periodic

componentuk (r ), resulting in a more accurate expression' nk (r ) in whichn is the band index.
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Within a band,' nk (r ) is dependent onk. Consequently, the eigenvalue corresponding to each

band varies withk, which requires sampling the BZ. Althoughk is a 3D vector, it is common

just to visualize the eigenvalues along special high-symmetry directions. As shown in Fig. 2.2

(right), the �rst BZ for HEX lattice can be sampled along the path:� -M-K- � -A-L-H-A. The

electronic band structure of 4H-SiC is shown in Fig. 2.3, where the band gap (� 2.2 eV) is un-

derestimated by DFT calculation using PBE functional. In order to visualize the contribution

to the overall electronic band structure by different atoms, the projections of Bloch states onto

localized atomic orbitals of C (yellow) and Si (blue) are superimposed on the total band struc-

tures. The size of the markers are scaled based on the magnitude of the total atomic projections.

The full density of states (DOS) across the whole BZ rather than just the special directions is

shown as well.

Figure 2.3: Electronic band structure of 4H-SiC and corresponding density of states (DOS).
The projections of Bloch states onto localized atomic orbitals of C (yellow) and Si (blue) su-
perimposed on the total band structures are plotted as markers.

2.6 Epitaxy

In order to theoretically characterize the properties of an interface (or heterostructure), noted

as A/B that is an overlayer of crystalline material A deposited onto material B, the supercell of
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the interface model is built based on an epitaxial relation found from the lattice match between

material A and B.

We develop a code in MATLAB to create the supercell of interface model by searching the

epitaxial relation between material A and B. This epitaxial relation refers to that the resulting

primitive lattice vectors (PLVs)a0
x (x = 1,2,3) of slab A (or B) in the heterostructure A/B

supercell are expressed in terms of the original PLVsax (x = 1,2,3) of the unit cell of bulk

material A (or B). Here the parameters matrix representinga0
x (x = 1,2,3) is denoted as [n1

1 n1
2

n1
3;n2

1 n2
2 n2

3;n3
1 n3

2 n3
3], which linksa0

x andax (x = 1,2,3) in a linear relationship. More speci�cally,

the epitaxial relation is given by Eq. 2.13:

a0
x = nx

1a1 + nx
2a2 + nx

3a3 (2.13)

The code automatically check the epitaxies under the constraint of several aspects, such

as tolerance of the angle difference between the resulting in-place lattice vectorsa0
1 anda0

2,

in-plane lattice constants a and b, the number of atoms in slab A and B and so on. Figure.2.4

illustrates an epitaxy that accommodates the2 � 2 supercell of material A on top of material

B. The original unit cell of material A (B) shown in red (green) square are constructed by the

PLVs a1 anda2. A compressive strain is applied to the2 � 2 supercell of material A. Thus the

two sides of the resulting supercell (red dashed squares) overlap with the diagonals of the unit

cell of material B. It is evident that the slab A must rotate in counterclockwise a small angle

before the overlapping.

Once we are content with the lattice strain and size of supercell associated with the epitaxy,

the heterostructure is then built using the geometry �les of material A and B according to the

selected epitaxial relation. In the building process, we can set the in-plane lattice constants of

the desired heterostructure to those of substrate material B while a lateral tensile or compressive

strain is applied to material A. For example, the formation process of a SiO2/4H-SiC interface

is shown in Fig 2.5. The primitive unit cells of bulk� -cristobalite SiO2 (ICSD 162246) and 4H-

SiC (ICSD 164971) are traced by the primitive lattice vectors. The heterostructure as shown is

built with a � 4% tensile strain applied to the SiO2 slab. The SiC slab are formed based on the
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Figure 2.4: Schematic of an epitaxy that accommodates the2 � 2 supercell of material A (red)
on top of material B (green). The unstrained supercell is shown in solid squares while the
strained supercell is shown in dashed square. The primitive lattice vectorsa1 anda2 are color
coded based on materials.

parameters matrix [4 1 0; 3 4 0; 0 0 -2] and SiO2 slab follows the parameters matrix [2 -1 0; 2 1

0; 3 3 6]. In Chapter.3, we present a different epitaxy using this SiO2 and 4H-SiC with a lower

strain.

2.7 Electron Density

In Chapter 3, the electron charge density pro�les of SiO2/4H-SiC interfaces are computed in

comparison with those obtained from experiment. In order to determine the electronic density

pro�le � e(z) across the interface from our �rst principles calculations, we account for both

valence and core electrons:

� e(z) � � c(z) + � v(z) (2.14)

Contributions from localized core electrons of all atoms are included as Gaussian distri-

butions:

� c(z) =
1

p
2�A �

X

i

Z c
i e� ( z � z i ) 2

2� 2 ; (2.15)

whereZ c
i is the core charge of thei -th atom (Z c

i � 0 for H, 2 for C, O and N, and 10 for Si

atom),zi is thez-position of thei -th atom, andA represents the surface area of the supercell.
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Figure 2.5: The unit cell of A/B heterostructure built from the unit cell of crystal A and B,
where the unit cells of crystals are de�ned by their primitive lattice vectors (PLVs)ax (x =
1,2,3). The PLVsa0

x (x = 1,2,3) of slab A and B in the heterostructure are obtained using
Eq. 2.13.

Likewise, the valence electron density pro�le� v(z) is obtained by averaging the local electron

density of valence electrons from DFT� DFT(r ) over the surface and smoothed along thez-

direction using a Gaussian smoothing (GS):

� v(z) =
ZZZ

� DFT(r 0)e� (z0� z)2=2� 2
dx0dy0dz0 (2.16)

The broadening� is chosen by minimizing the dispersion of electron densities that would yield

an uniform density in the bulk.

As an example, for one of the interfaces built with 4H-SiC and� -cristobalite form of

silica (ICSD 162246), named as model 3 in next chapter, the breakdown of the valence and

core electron density is shown in Fig 2.6. The variation of� DFT(r ) is shown along the direction

z perpendicular to the interface, plotted in solid black as a planar average of the� DFT(r ). This

planar-averaged potential exhibits periodic oscillations along thez direction due to the spatial

distribution of the electrons and ionic cores. After GS described in Eq. 2.16, this oscillations

are replaced by a smoother curve in black dash representing the� v(z). The core electrons in

this system have integer charges that are highly localized. Similarly, the core electron density

pro�les (� c(z)) are smoothed out based on Eq. 2.15, as shown in black dotted. As expected,
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Figure 2.6: For interface model 3: valence electron density pro�le (black solid line) prior to
GS, valence electron density pro�le after GS (black dashed line), core electron density pro�le
after GS (black dotted line), and the total electronic density pro�le as a function ofz. The
broadening� used in the smoothing is 1.6	A, according to the bulk analysis.

the macroscopically averaged electron density (after GS) in both SiC and silica bulk regions is

constant, and indeed it reaches a plateau value in the bulk-like regions of the interface. Lastly,

the sum of the� v(z) and� c(z) is compared to the electron density pro�les of SiO2/SiC interface

measured from XRR. Here, the broadening� = 1.6 	A.

As already mentioned, the broadening� is determined from the analysis of electron den-

sity for silica bulk, as shown in Fig 2.7. The average volume densities of valence (h� v(z)i =

0.361 e� / 	A3) and core (h� c(z)i = 0.316 e� / 	A3) electrons are constant values for the speci�c in-

terface system. For both valence and core electrons, the variation of macroscopically averaged

electron density from the average volume density is dependent on the choice of� . Consistently,

we observe the oscillations when� is picked far from satisfactory. Therefore, one more step

that is taken to identify the optimal� is calculating the standard deviation (STD) of data points

of both� v(z) and� c(z). The result is plotted in the bottom of Fig. 2.7. A set of� values results

in low STD indicating that values of both� v(z) and� c(z) are clustered close to their mean. In
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Figure 2.7: For interface model 3: (Top Left) Valence electron density pro�le (� v(z) � h � v(z)i )
after Gaussian smoothing using different� , as a function ofz; (Top Right) Core electron density
pro�le ( � c(z) � h � c(z)i ) after Gaussian smoothing using different� , as a function ofz, where
h� v(z)i andh� c(z)i are the average volume densities of valence and core electrons, respectively.
The color bar refers to the values of� in unit of 	A. (Bottom) Standard deviation (STD) of
electron density versus� . The optimal value is chosen� = 1.6 	Awhen STD of� v is seen at the
lowest.
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the end, we choose� = 1.6 when the STD of� v is found at the lowest among those� that are

veri�ed.

2.8 Band Alignment

For heterostructures of interest in the forthcoming Chapters 3, 5, and 6, the valence band (� EV )

and conduction band (� EC ) offsets can be accurately and ef�ciently evaluated using �rst prin-

ciples calculations within the DFT framework. This approach is performed by aligning the local

band edges with respect to the local electrostatic potential [100, 101]. That is to say, the band

edge alignment of the bulk A and B that comprise the heterostructure A/B, is achieved through

a potential-alignment term from an explicit heterostructure A/B calculation. This methodol-

ogy that combines DFT and the screened hybrid HSE functional [102, 93] offers improved

descriptions of the band gaps to overcome well-known limitations of DFT [103].

Figure 2.8: (Left) Schematic of band alignment between material A and B that comprise het-
erostructure A/B. The band edge with respect to the local electrostatic potential EA

v and EB
v , the

band gaps EAg and EB
g are obtained from separate bulk calculations using HSE functional. The

potential alignment� V is found from superlattice calculation. The band offsets (� EV ) and
(� EC ) are derived from Eq. 2.17 and Eq. 2.18, respectively. (Right) Planar-averaged (black
solid line) and macroscopically averaged electrostatic potential (red dash line) for SiO2/4H-SiC
interface system.

The method is conducted in three steps as illustrated in Fig. 2.8. First, we perform separate

HSE calculation for bulk materials A and B, in which produces valence band maximum (VBM)
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and conduction band minimum (CBM) with respect to the average electrostatic potential in the

respective material. Here, the HSE mixing parameter is optimized to bring the calculated band

gap (EA
g and EB

g ) in agreement with experimental value. Second, the alignment of the average

electrostatic potential is determined between the two materials from an explicit heterostructure

calculation. The macroscopic average of the electrostatic potential is found via applying sim-

ilar smoothing procedure for the electron density as already discussed in Section 2.7 to planar

potentials of corresponding models. The proper reference for aligning valence and conduction

bands is obtained by calculating the difference (� V) between the macroscopic average of po-

tentials in the bulk-like regions of material A and B from standard DFT calculations with taking

dipole correction into account. Hence, the thickness of each material in the superlattice is large

enough to contain a bulk-like region. We do not employ HSE calculation for the heterostruc-

ture because it will be extremely computationally expensive for structure with large unit cell.

Lastly, the band edges between material A and B can be aligned via the potential-alignment

term � V. The local valence band edges of material A and B with respect to their local elec-

trostatic potential are denoted as EA
v and EB

v , correspondingly.� EV can be easily derived via

Eq. 2.17 once the potential alignment is known:

� EV = ( E B
v � E A

v ) � � V (2.17)

Subsequently,� EC is determined according to Eq. 2.18 by using band gaps from the respective

bulk calculations:

� EC = E B
g � E A

g � � EV ; (2.18)

To give an illustration of the determination of� V , Fig. 2.8 (right) also demonstrates the

macroscopic average of potentials (red) across a SiO2/4H-SiC interface. The planar-averaged

electrostatic potential (black) converges to its bulk value within two or three atomic layers of

the interface, which was found in common for other interface systems studied by [101].
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2.9 Computational Details

The results presented in following chapters are obtained by performing �rst principles cal-

culations within the DFT that are carried out using the Quantum Espresso software [104].

Unless otherwise noted, we employ the Perdew-Burke-Ernzerhof (PBE) parameterization of

the exchange-correlation functional [90] including dispersion forces (vdW-DF-C09) [105, 106,

107, 108]. Description of core electrons is performed with projector augmented wave (PAW)

pseudopotentials [109]. Due to periodic boundary conditions assumed in all three dimensions,

a vacuum space of at least 12	A along thez-direction is set to prevent interactions with periodic

repetitions of the supercell of interfaces. Atomic positions are fully relaxed until the forces

become smaller than 0.005 eV/	A. The supercells account for the dipole correction [110] to

minimize surface effects. The formation of SiO2 amorphous structure and classical molecular

dynamics (MD) annealing of interfaces are performed in the Large-Scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS) [111]. All calculations are performed on the Hopper

and Easley Clustes.
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Chapter 3

SiO2/SiC Interfaces

3.1 Summary

In this chapter, we analyzed the changes in the electron density pro�les and strain upon the

introduction of nitrogen in 4H-SiC (0001)/SiO2 interfaces using �rst-principles calculations

with the density functional theory (DFT). By comparing systems with different geometric and

atomic compositions, we �nd that nitrogen preferably forms a Si3-N structure (1 N atom is

bonded to 3 Si atoms) and stabilizes the interface by reducing the abruptness of Si density be-

tween SiC and silica. Our calculations con�rm that the unexpected reduction in the electron

density observed in X-ray re�ectivity (XRR) experiments at the as-grown 4H-SiC/SiO2 inter-

face is removed upon nitridation. The shorter interatomic distances in nitrided systems and

the higher atomic density near the interface help alleviating the local strain. Analysis of the

electronic band structures in these nitrided interface models reveals alignments comparable to

those found experimentally and the presence of nitrogen that creates interface states near the

valence band edge.

3.2 Background

Chemical treatments of interfaces have proven important to the achievement of high-quality

interfaces between 4H-SiC and dielectric materials for wide band gap semiconductor applica-

tions [38, 66]. Easily grown interfaces with the SiC native oxide, SiO2, can present a high

density of interface states that largely degrades performance of power devices by reducing

carrier mobility and changing the threshold voltage [32, 33, 34, 35]. The C face of 4H-SiC
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shows much larger channel mobility (� 100 cm2/V�s) when wet oxidation or hydrogen incor-

poration is involved. In contrast, the interface state density near the conduction band has

shown much higher value on the Si face of 4H-SiC resulting in much lower channel mobil-

ity [112]. Therefore, the improved carrier mobilities after post oxidation annealing (POA)

of 4H-SiC/SiO2 interfaces, particularly on the 4H-SiC (0001), in N-rich conditions (N2, NO

or N2O) [53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 38, 66, 67, 68] or combined

oxidation/annealing [69, 70] have led to the adoption of the nitridation process in the pro-

duction of SiC power electronics applications. The underlying mechanism of this process,

however, is still elusive despite the considerable efforts made to date in modeling these in-

terfaces [113, 114, 115, 41, 116, 117], with suggested mechanisms ranging from healing of

dangling bonds to removal of interstitial C atoms [38, 39, 40, 41, 42, 43, 44, 45, 46, 47].

Owing to the large number of silica polymorphs and amorphous structures attained experi-

mentally, describing silica interfaces to SiC with adequate atomic con�gurations is challenging.

Previous studies on the effects of nitrogen in SiC grown under ultra-high vacuum conditions

were based on thin epitaxial silicon-oxynitride (SiON) layers [115, 41, 116]. These models

contained a monolayer of O atoms on the 4H-SiC (0001), that was later con�rmed by X-ray

photoelectron spectroscopy (XPS) [118, 119]. However, N-rich annealing processes employed

in device processing typically give nitrogen areal densities smaller than those of epitaxial SiON

layers. More recent models, incorporating nitrogen amounts associated with device processes,

have been limited to ultra-thin SiO2 layers [43]. Yet, theoretical atom-level descriptions are

needed to establish a correlation between nitridation and physical properties of these interfaces

as reported in recent experiments [10, 67] and envision novel mechanisms to systematically

improve properties arising from chemical treatments.

3.3 Crystal Structures

In order to provide an interpretation to the electron density variations observed in XRR mea-

surements, we created an array of models to the 4H-SiC/SiO2 interfaces. The models differ

in the atomic con�guration of the transition region (TR) that must accommodate the silicon

density mismatch between the SiC and the oxide. Each model contains slabs of 4H-SiC (0001)
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and an extended silica layer of approximately 20	A thickness each, yielding about 250 atoms

in the unit cell, as illustrated in Fig. 3.1(a). For the oxide we chose the� -cristobalite form

of silica that gives low epitaxial mismatch with 4H-SiC (� 1%) for the supercells considered

here and has a mass density (2.18 g/cm3) close to the experimental value (2.2 g/cm3) of amor-

phous silica (a-SiO2). The 4H-SiC slab consists of3 � 3 unit cell arrangement, with in-plane

lattice constantsa = b = 9:28 	A. For each model we form a defect-free TR, beginning with

a monolayer of O atoms on SiC (0001), featuring schemes previously proposed [115, 41] and

supported by XPS observations [118, 119]. Different atomic arrangements combining O, Si, N,

and H form the< 1 nm thick suboxide TR. This agrees with the earlier report that nitrogen is

con�ned to within 1 nm of the surface [43]. The C and O atoms at the end are H-passivated. A

vacuum space of approximately 18	A along thez-direction prevents interactions with periodic

repetitions of the supercell.

In addition to the computational details described in Section 2.9, the wave functions and

density are expanded in a plane-wave basis set using an energy cutoff of 60 Ry and 500 Ry,

respectively. The self-consistent electron density is determined using4� 4� 1 Monkhorst-Pack

k-point grid [120] with the Quantum Espresso suite [104]. To con�rm the lowest phase of the

relaxed models, we also perform classical molecular dynamics (MD) annealing of the models

in the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [111] using

the optimized Reactive force �eld ReaxFF [121, 122]. The models are slowly heated to 1000 K

using the canonical ensemble, where the annealing process is maintained at 1000 K for 200 ps.

During the simulation, the Si and O atoms of the oxide are allowed to evolve whereas the

substrate is kept frozen. The structures generated in this way are adopted for the calculations

of the structural and electronic properties using DFT.

3.4 Interface Formation Energy

For a given supercell, we evaluate the interface formation energy (E if ) from the DFT calcula-

tions as [123]:

E if = E f � E0 �
X

i

ni � i (3.1)
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In this equation,E f is the total energy of the fully relaxed supercell after changing its com-

position whileE0 is the energy of a reference supercell. The quantities� i andni denote the

chemical potential ofi -species (i = Si, C, O, N and H) and the corresponding number of atoms

that has been added to (ni > 0) or removed from (ni < 0) the reference interface. The refer-

ence chemical potentials depend on the experimental conditions, and choices usually represent

speci�c limits.

In this work we adopt the choices previously used for 4H-SiC/SiO2 interfaces [124] for

the C-poor and O-poor regime, or the Si-poor and O-poor regime. The values of the reference

chemical potential for different elements� i established from the DFT ground state energies of

crystals/molecules as follows:� Si = ESi=2 for C-poor condition (or� C = EC=4 for Si-poor),

� C + � Si = ESiC, � O = ( ESiO2
� � Si)=2, � N = EN=2, and� H = ( ESiH4

� � Si)=4, whereESi, EC, ESiC,

ESiO2
, EN, andESiH4

are the DFT energies of diamond Si, graphite, 4H-SiC, bulk� -cristobalite

SiO2, N2 and SiH4 molecule per formula unit, respectively. The nitrogen reference is chosen

because nitridation is either produced through N2 or NO during post oxidation annealing pro-

cesses [38, 66, 67, 68]. Additionally, other reference chemical potential choices (e.g. N and O)

that could impact our results are discussed in the Appendix B.

3.5 Electron Density

3.5.1 Non-nitrogen Passivated SiO2/SiC Interfaces

First, we consider the 4H-SiC/SiO2 interfaces without nitrogen. For the epitaxies of our super-

cells, we created interfaces whose TR accommodate between 3 or 4 Si atoms to compensate for

bonds originating in the semiconductor and the oxide slabs. From the different con�gurations

created for such interfaces, model 1 with 3 Si atoms, as illustrated in Fig. 3.1(b), in the TR

were thermodynamically more favorable. (For the remainder of this work we use this interface,

model 1, as the reference one in Eq. 3.1.) Model 2 with 4 atoms in the TR presented formation

energiesE if at least 1.5 eV higher than those of model 1, depicted in Fig. 3.1(c).

For the geometric arrangement of model 1, we analyze the electron density pro�le� e(z)

along thez-direction (perpendicular to the interface), as presented in Fig. 3.1(d). The pro�le

is established by computing the macroscopic average that includes both the core and valence
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Figure 3.1: (a) Schematic representation of 4H-SiC/SiO2 interface model, SiC substrate, tran-
sition regions (TR), and oxide slab as labeled. Details of TR for the interfaces without N: (b)
model 1 and (c) model 2. (d) Electron density pro�les� e(z) normalized by� SiC

e for interface
with no nitrogen that presented the lowest formation energy (model 1 shown in Fig. 3.1(b)).
Origin is de�ned as the location of the C plane adjacent to the interface. For comparison XRR
measurements for interface as grown (dashed) is shown in black [10]. The normalized electron
density for bulk� -cristobalite SiO2 is speci�ed with triangle symbol in red at� 0.71.
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electron densities (see Section 2.7 for details). For the sake of comparison, the origin of the

interface is placed at the C plane adjacent to the interface; alignment with respect to XRR

density pro�les [10], however, is arbitrary. The electron density, normalized by the SiC bulk

density (� SiC
e � 0:95e� / 	A3), reaches the constant bulk value (� 0:71 for our epitaxy) about

10 	A away from the TR, indicating that size effects in these systems are not in�uencing our

analysis.

The electron density for model 1 shows a minimum value of 0.65 e� / 	A3 at � 4.8 	A from

the interface origin (z = 0). This density drop below the oxide bulk value is qualitatively

similar to the one found in the XRR experiment for as grown SiO2 on SiC. We found that

addition of Si and O atoms near the interface in the metastable model 2 produces a higher

electron density (see Appendix C) that removes the unexpected reduction observed in the TR

of model 1, resembling that of the NO-annealed interface. However, from our prior analysis of

the formation energy of these interfaces, in the absence of nitridation, high Si density is less

likely to occur very near the interface.

3.5.2 Nitrogen Passivated SiO2/SiC Interfaces

We then analyze the cases with nitrided TRs where 3 N atoms yield an areal density of�

4 � 1014 cm� 2 similar to experimental estimates [41, 42, 43]. Among the possible coordina-

tion arrangements of the N atoms we adopt the con�guration where they are bonded to 3 Si

atoms (Si3-N) over the 2 Si and 1 O (Si2-N-O), or 1 Si and 2 O (Si-N-O2) cases. This choice

is based on the lowest formation energy results obtained for interface models with different

nitrogen coordination environments, as shown in Figs. 3.2(a)-3.2(c). The Si3-N con�guration

has also been reported to be dominant through XPS analysis [43]. As a consequence of these

arrangements, nitrided cases yield a larger Si density in the TRs than those lacking N, as shown

below.

Models 3 and 4 that emulate nitrided interfaces are shown in Figs. 3.2(d)-3.2(e). In model

3, we include 5 Si atoms in the TR to accommodate 3 N atoms. In model 4, a total of 6 Si

atoms are added in the TR albeit spread over a wider region than model 3. In both models,

the N atoms are bonded to atoms on the Si-face of SiC. A variation of model 3 with the same
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Figure 3.2: Schematic representations of interfaces with N passivation with different geometric
arrangements: (a) Si-N-O2 (b) Si2-N-O and (c) Si3-N. We �nd that the formation energy of the
Si3-N con�guration is 2.9 eV and 6.5 eV lower than the Si2-N-O and Si-N-O2 cases, respec-
tively. Details of the TRs for the nitrided 4H-SiC/� -cristobalite SiO2 interfaces: (d) model 3
and (e) model 4. (f) Normalized electron density pro�les (� e(z)=� SiC

e ) for models 3 and 4. For
comparison XRR measurements after NO-POA (dotted line) is shown [10].
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nitrogen density but differing atomic con�guration gives a higher interface formation energy, as

discussed in Appendix B. Computations ofE if for these nitrided interfaces yield considerably

lower values than that of model 1: -4.7 eV (-3.5 eV) for model 3, -5.7 eV (-4.5 eV) for model

4 when considering C-poor (Si-poor) regime. We note here that while the magnitude of the

interface formation energy varies depending on the reference chemical potentials (i.e. C-poor

or Si-poor conditions), the relative stability for different interface models is consistent between

those choices. Therefore, nitridation of the TR stabilizes the interface by allowing for the

compensation of the Si density mismatch between 4H-SiC and SiO2.

When compared to the results of model 1, electron densities for models 3 and 4 increase in

the TR, with model 4 exhibiting a larger increase because of its higher atomic density. Features

of models 3 and 4 agreeing with XRR measurements for NO-annealed interfaces [10] allude to

a high atomic density thermodynamically favored by nitridation prevents the reduction in the

electron density below the oxide bulk value. Hence, we speculate that if the N areal density in

the TR of an interface model is increased above the experimental estimates, electron densities

for the corresponding interface would be even higher those of model 3 and 4. We highlight

that previous models, suggesting that N atoms solely substitute for O atoms and heal dangling

bonds, would result in a reduced electron density near the interface [10] unless accompanied

with an increased atomic density to compensate the Si density de�cit in the TR. Owing to the

similar trends for other oxide phases, we expect that our observations would likely hold in

different silica cases including a-SiO2, as discussed in Appendix C.

3.6 Projected Density of States Pro�les

We next study the electronic structures of the interface models. The in-plane average of the

local density of states (DOS) is calculated by projecting wavefunctions onto localized atomic

orbitals. The results corresponding to the interface models 1, 3 and 4 are plotted in Fig. 3.3.

We observe that the SiC region (z < 0) possesses a smaller gap than the oxide (z > 0) with

no mid-gap states appearing in either, consistent with the fact that these models are dangling

bond-free. In the case of model 3 and 4 we superimpose the corresponding projections of the
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local DOS onto N atomic orbitals (0 . z . 5 	A) to �nd that their interfacial N-states primarily

reside below the valence band edge.

Figure 3.3: In-plane average local DOS pro�les (contour lines in log scale) alongz direction for
(left) model 1, (middle) model 3 and (right) model 4. In model 3 and model 4, the contribution
from N states is also included as a surface plot. The positionz is referred to the topmost C
plane; the valence band maximum is set at 0.

3.7 Band Alignment

Considering thick oxide slabs also allows us to quantify valence (� EV ) and conduction (� EC )

band offsets by aligning local band edges with respect to the local electrostatic potential [100,

101]. This methodology that combines DFT and the screened hybrid Heyd-Scuseria-Ernzerhof

(HSE) functional [102, 93] offers improved descriptions of the band gaps to overcome well-

known limitations of DFT [103]. The band gap energies for 4H-SiC (E SiC
g = 3:2 eV) and

SiO2 (E SiO2
g = 8:3 eV) are determined by choosing the optimum mixing parameter (0.25 for

SiC and 0.35 for SiO2 [100]) in the HSE calculations. The resulting band offsets for our systems

show values comparable to previous experimental results [67, 125] but no de�nite change under

nitridation (Table 3.1). Namely, the most stable case (model 4) exhibits a slight increase in

� EC , while models 3 presents reduced barrier heights in closer agreement with experiments

[67, 125].
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Figure 3.4: Average strain (" i ) in Si-C and Si-O bonds for different Si atoms as a function ofz
position of Si atoms for models. Colors discriminate the number of O atoms (n in Sin+ ) bonded
to individual Si atom.
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Table 3.1: Properties of different interface models and experiments (no nitridation). Valence
(� EV ) and conduction (� EC ) band-offsets obtained from calculations. Total bond strain
square"2 in Si-C and Si-O bonds for interface models.

Interface � EV � EC "2 (Si-C) "2 (Si-O)
Model (eV) (eV)

1 1.8 3.3 0.0013 0.0078
2 2.7 2.5 0.0027 0.0086
3 2.4 2.8 0.0019 0.0056
4 1.7 3.4 0.0017 0.0060

Expt. [67, 125] 2.5-2.9 2.7-2.9 – –

3.8 Mechanical Strain

To assess the correlation between the composition and geometric structure of interfaces, we

analyze strain �uctuations in both the SiC and SiO2 slabs. For thei -th Si atom we compute the

average bond strain as follows:

" i =

vu
u
t 1

N i;�

N i;�X

� =1

�
�r X

i;�

r X
0

� 2

(3.2)

In the above equation,N i;� is the number ofX bonds that thei -th Si atom forms and�r X
i;� =

r X
i;� � r X

0 is the bond length difference with respect to the average bulk value (r X
0 ), whereX

stands for Si-C or Si-O bond (r SiC
0 = 1:89 	A andr SiO2

0 = 1:64 	A). Results for the average bond

strain" i as a function of thez position of thei -th Si atoms are presented in Fig. 3.4. As bond

lengths may change based on chemical environment [126], we distinguish Si atoms according

to their coordination number with O atoms (Sin+ ) with different colors. The Si1+ atoms (green)

correspond to those in the 4H-SiC (0001) surface that produce the O-monolayer [115]; the Si2+

and Si3+ are only found in nitrided interfaces for our models. Far from the interface all models

exhibit minimal strain in the bulk of both SiC and the oxide. In contrast, the strain increases

signi�cantly near the interface.

Computation of the total strain square, as elastic energyuel /
P

i "2
i , provides a qualitative

insight on the role of nitrogen in the 4H-SiC/SiO2 interface. We calculate the quantity"2 =
P

i "2
i for Si-C and Si-O bonds independently for each interface model (Table 3.1). Comparison

of the results shows that strain in Si-O bonds for model 1 is larger than that of nitrided interface
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models. We note, however, that strain values of model 1 are sensibly lower than those of model

2 suggesting that in the absence of nitrogen, a higher atomic density near the interface increases

the elastic energy. Therefore, the introduction of nitrogen not only increases the atomic density

near the interface smoothing the density mismatch between SiC and silica but also appears to

reduce the local strain in Si-O bonds.
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Chapter 4

High-� Dielectric Candidates

4.1 Summary

We have successfully described the 4H-SiC (0001)/SiO2 interfaces in Chapter 3. For this

chapter, high throughput screening of alternative dielectrics to replace SiO2 for 4H-SiC based

devices is described. We are the �rst to conduct a systematic study of alkaline earth metal

dihalides (AX 2) as the gate dielectrics for 4H-SiC by analyzing their structural and elec-

tronic properties using �rst principles calculations within the density functional theory (DFT).

Through analysis of their formation energies, we identify the most stableAX 2 crystal struc-

tures. According to those stable structures, the band gaps are evaluated using generalized

gradient approximation (GGA) or Heyd–Scuseria–Ernzerhof (HSE) functional. As a result,

HSE calculations produce more consistent band gaps with experiments in contrast to the band

gaps underestimated by GGA calculations. Furthermore, the dielectric constants are computed

within density functional perturbation theory using three different approximations regarding the

exchange-correlation functional. We �nd that the dielectric constants calculated from GGA in-

cluding dispersion forces highly agree with those calculated from local density approximation

(LDA). Based on our results, the most promising candidate high-� dielectrics are determined

to beAF2. Moreover, we examine the properties of other possible high-� dielectrics such as

Al2O3 and LiF in a similar process legitimating their potentials as candidate high-� materials

for 4H-SiC.

42



4.2 Background

For SiC MOS devices, the native oxide SiO2 represents the most widely used dielectric due

to the high compatibility of SiC with mature Si processing [32, 33, 34, 35]. The density of

several miscellaneous defects in the thermal SiO2 and at SiC/SiO2 interfaces is several orders

of magnitude higher than in Si/SiO2 interface, which hampered the favourable properties of SiC

for power electronics applications [113, 127]. Although C related defects such as C-dangling

bonds, C-interstitials, and C-dimers are believed to be dominant[38, 39, 40, 41, 42, 43, 44,

45, 46, 47], a qualitative measurement of the defects introduced into the SiC/SiO2 interface and

oxide during the oxidation of SiC is still missing. In addition, many passivation methods or post

oxidation annealing have been proceeded to reduce the interface defect density [53, 54, 55, 56,

57, 58, 59, 60, 61, 62, 63, 64, 65, 38, 66, 67, 68, 69, 70]. However, after surface treatments,

4H-SiC/SiO2 MOSFETs still exhibit much lower channel mobility in contrast to bulk 4H-SiC.

Furthermore, as the transistors and capacitors in electronics are continued to be scaled down

to less than a few nanometers, SiO2 can not ful�ll this mission without compromising the gate

capacitance. If SiO2 is used, the leakage currents through the thin �lm pose a serious problem

to the device's reliability.

One approach to solve these problems involves the use of alternative dielectric to replace

SiO2 as the gate dielectric for 4H-SiC. The ideal dielectric exhibiting a larger dielectric constant

and wider band gap than SiO2 can enhance the capacitance and block leakage simultaneously.

The experimental band gap and dielectric constant of various alternative gate dielectrics that

likely are applied to Si are shown Fig. 4.1, adapted from [11]. We observe a roughly inverse

relation between band gap and dielectric constant of these materials. For wide band gap semi-

conductor electronics, however, the dielectrics with larger band gap and dielectric constant

than SiO2 are scarce. In addition, the dielectric is expected to have large band offsets with

4H-SiC to minimize leakage in the off state. For those potential candidates for 4H-SiC gate

dielectrics such as aluminum oxide (Al2O3), aluminum nitride (AlN), hafnium oxide (HfO2),

lanthanum oxide (La2O3), zirconium oxide (ZrO2), tantalum pentoxide (Ta2O5), and titanium
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