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CHAPTER1

Introduction

The pursuit of making electronic devices increasingly faster, smaller and more

energy efficient is what drives the semiconductor and computing industries. In a

groundbreaking article in 1965, George Moore of Intel described an exponential

growth in the number of transistors per integrated circuit and predicted that

this trend would continue [1]. Popularly known as ”Moore’s law”, it states that

the number of transistors incorporated in a chip doubles approximately every

24 months. Moore’s law has become a technology roadmap and its challenge

of doubling the transistor density leading to device shrinkage, has so far been

delivered (refer to Figure 1.1).

A common type of today’s transistor in integrated circuits or microchips is

the so-called metal-oxide-semiconductor field-effect-transistor (MOSFET), refer

to the schematic in Figure 1.2. This transistor serves as an electrical switch which

allows charge carriers, such as electrons, to flow along the channel in between two

11



12 Introduction

Figure 1.1: Moore’s law from 1970-2005 [2].

electrodes called the source and the drain. The width of the channel is controlled

by the gate electrode separated electrically by a thin insulating oxide layer - the

gate dielectric - which prevents the current from flowing between the channel and

the gate electrode.

Silicon is still the preferred material to make microchips with since its electrical

properties (e.g., band gap) are easily tunable. Pure silicon is a semiconductor

(resistivity of ∼ 3 × 103 Ω·m) whereas silicon dioxide (SiO2) is one the best

insulators available (resistivity of ∼ 1016 Ω·m for fused quartz). One is able to

obtain a desired electrical properties in the range between that of SiO and SiO2,

by just tuning the oxygen content, i.e., the x value in silicon oxides, SiOx (for

0 ≤ x ≤ 2).

SiO2 thermally grown on Si(100) is the main material for the gate dielectric

(the insulating oxide) in MOSFET due to its large band gap and high melting

point. The interface formed by the SiO2 with the Si substrate has excellent struc-

tural, electrical and thermodynamic properties suitable for MOSFET devices.

With the continuous downscaling of transistors, one eventually reaches the

limits of miniaturization i.e., the atomic dimensions. For example, at a 90 nm

logic technology nodes and products (process node), the thickness of SiO2 gate
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Figure 1.2: MOSFET.

dielectric is about 1.2 nm, which is equivalent to about four SiO2 tetrahedral

units ( 9 atomic layers). At such small thickness, understanding the atomic-scale

mechanisms governing the processes of oxidation of Si then becomes critical.

This computational work is mainly devoted to determining the fundamental

steps in the oxidation of silicon on an atomic level. Oxygen adsorption on pure

Si has computationally extensively been studied, but other relevant deposition

species (Si- and O- bearing molecules such as SiO and SiO2) which are present in

various concentrations in the plasma’s creating SiOx have not been studied yet.

The coadsorption of SiO and O2 is also studied to evaluate how either of them

promotes or hinders the ability of the other to be adsorbed on the Si surface.

Furthermore, the understanding of the influence of the presence of foreign and

non-doping atoms in the vicinity of the the Si/SiO2 interface is still lacking. The

strength of the interactions of the molecules (in gas phase) and the Si surface is

described by the energies of adsorption or incorporation. This theoretical investi-

gation is performed using atomistic approaches based on first principles methods,

aimed at describing the properties of materials by solving the quantum-mechanical

equations without the need of input parameters.

1.1 Outline of this thesis

This thesis is organized as follows: Chapter 2 contains the theoretical background

for ab-initio calculations of material properties. To study the mechanisms involved

in the SiOx growth on Si, we start in Chapter 3 by showing the research done on
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SiO molecule adsorption on Si surface. Another molecule that is of importance

in the SiOx growth is SiO2, although less abundant than SiO in the plasma, its

contribution could not underestimated, and we elucidate the fundamental process

of its adsorption on the Si surface, as shown in Chapter 4. So far we have been

able to examine the adsorption of individual SiO and SiO2 on Si surface, we move

a little step further by examining the coadsorption of molecular oxygen and SiO.

During the plasma assisted SiOx grown on Si, Ar plasma was used for sputtering.

Argon finds its way into the grown SiO2 on Si. An argon trapped at this interface

affects structural and electrical properties of this materials, and we study this

effect in Chapter 6. Characterization of plasma itself is very important as it shed

light on why, for example, the ionic SiO is abundant in the plasma (also reaching

the substrate). The plasma properties are described by looking at its ionization

properties. Chapter 7 presents the two possible ionization mechanism of SiO: the

photoionization and the electron impact ionization cross sections. On a slightly

different but related topic, we also explore the polymerization steps of an organic

polymer in the gas phase and its adsorption properties on Si surface, results of

which are presented in Chapter 8.



CHAPTER2

Computational Methods

The theoretical formalism presented in this chapter has been described extensively

in various books and publications. It is presented here for completeness sake and

for easy reference. Review articles in this field, such as Refs. [3] and [4] are

mainly referred to here and are suggested for further reading.

2.1 Ab-initio electronic structure calculations

To determine the properties of a system of N interacting electrons in a molecule

or crystal, one has to approximate the solution of the Schrödinger equation

ĤΨ = εΨ. (2.1)

where Ψ is the wavefunction, ε is the energy eigenvalue, and Ĥ is the Hamiltonian

operator given by

15
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Ĥ =
∑
i

− ~2

2m
∇2
i +

∑
I

− ~2

2MI
∇2
I

+
∑
i<j

e2

|ri − rj |
+
∑
I<J

ZIZJe
2

|RI −RJ |
−
∑
i,I

ZIe
2

|ri −RI |
.

(2.2)

The first term in the Eq. 2.2 is the kinetic energy of the electrons, the second term

is the kinetic energy of the nuclei, the third term and fourth term are the pairwise

electrostatic electron-electron and nucleus-nucleus interactions, respectively, and

the fifth term is the electrostatic interaction between electrons and nuclei. In

Eqn. 2.2, m denotes the mass of an electron, M is the mass of the nuclei, i and

I are indexes for the electrons and nuclei, respectively, and r = {r1, . . . , rN} and

R = {R1, . . . ,RN} are the electronic and nuclear coordinates.

From the form of the Hamiltonian in Eq. 2.2, it is evident that for N -electrons,

a tremendous calculation is required in order to solve the individual wave function.

In the following sections, approximations to solve this interacting many-body

problem are described.

2.1.1 The Born-Oppenheimer approximation

The basic approximation of the Hamiltonian operator in Eq. 2.2 is the separation

of the electronic and ionic degrees of freedom, proposed by Born and Oppenheimer

in 1927 [5], and consists in writing the wavefunction Ψ(R, r) in the factorized form:

Ψ(R, r) = Φ(R)ψR(r), (2.3)

where Φ(R) are the nuclear wavefunction and ψR(r) is the electronic wavefunction

which depends parametrically on the ionic positions R. The Born-Oppenheimer

approximation (or adiabatic approximation) takes advantage of the fact that elec-

trons are much lighter and moves much faster than the nuclei such that the nuclei

can be considered as stationary. In this case, the system can be thought of as

electrons moving in the field of external potential due to the presence of the nu-

clei. The Schrödinger equation can now be written into two separate equations

for the nuclei and the electrons:
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(
−
∑
I

~2

2MI
∇2
I +

∑
I<J

ZIZJe
2

|RI −RJ |
+ Eel(R)

)
Φ(R) = εΦ(R) (2.4)

−∑
i

~2

2m
∇2
i +

∑
i<j

e2

|ri − rj |
−
∑
i,I

e2ZI
|ri −RI |

ψR(r) = Eel(R)ψR(r) (2.5)

where Eel(R) is the energy of the electrons of a system of interacting electrons

moving in the field of fixed nuclei at position R, and each will give rise to an

electronic surface known as the Born-Oppenheimer potential energy surface(PES)

as a function of R. The equilibrium geometry of the system is given by the

condition that the forces FI acting on individual nuclei vanish:

FI ≡ −
∂E(R)

∂RI
= 0. (2.6)

Eq. 2.4 can be approximated classically using Newton’s second law MIR̈I = FI

or can be solved quantum mechanically:

FI = −∂E(R)

∂RI
= −

〈
ψR(r)

∣∣∣∣∂Hel(R)

∂RI

∣∣∣∣ψR(r)

〉
(2.7)

where the Hel is the electronic Hamiltonian on the left-hand side of Eq. 2.5. From

the forces, one can also perform molecular dynamic by integrating Newton’s sec-

ond law to find the equations of motion. Using the Hellmann-Feynman theorem1,

FI is expressed as:

FI = −
∫
nR(r)

∂VR(r)

∂RI
dr− ∂EN (R)

∂RI
. (2.8)

where

VR(r) =
∑
i,I

ZIe
2

|ri −RI |
and EN (R) =

∑
I<J

ZIZJe
2

|RI −RJ |

1In general form, the HellmannFeynman theorem states that the first derivative of the eigen-
values of a Hamiltonian, Hλ, that depends on a parameter λ is given by the expectation value
of the derivative of the Hamiltonian:

∂Eλ

∂λ
= −

〈
ψλ

∣∣∣∣∂Hλ∂λ

∣∣∣∣ψλ〉 .
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are the electrostatic electron-nucleus and nucleus-nucleus interactions, as defined

in the last two terms of Eqn. 2.2, respectively, and nR(r) is the ground-state

electron charge density corresponding to the a certain nuclear configuration R.

2.2 Density functional theory

Density functional theory (DFT) has provided an alternative approach to the

standard ab-initio methods in solving the Schrödinger equation for a many-body

system. Due to its excellent predictive power, DFT has become the method of

choice for calculating material properties of most condensed-matter systems. DFT

evades the tedious task of solving the wavefunctions of N -electron system since

it only requires only the knowledge of its electron charge density distribution to

describe the properties.

2.2.1 Hohenberg-Kohn theorem

Hohenberg and Kohn (HK) [6] have postulated that there is a one-to-one corre-

spondence between the external potential Vext(r) and the ground state electron

density n(r) of any system of interacting particles. Furthermore, HK stated that

there exists a unique universal functional F [n] of the electron density that mini-

mizes the total energy:

E[n] = F [n] +

∫
Vext(r)n(r)d(r), (2.9)

in which the electron density n(r) that minimizes E[n] is the ground state density.

This theorem provides the foundation of DFT. Problems arise in dealing with the

unknown functional F [n] and the ambiguous electron density n(r) in Eq. 2.9. This

problem is addressed by Kohn and Sham in 1965 [7].

2.2.2 Kohn-Sham ansatz

Kohn-Sham [7] provided a practical way to implement the density functional the-

ory by mapping the problem of a system of interacting electrons onto an equivalent

non-interacting problem. The universal functional F [n] can then be written as
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F [n] = Ts[n] +
e2

2

∫
n(r)n(r′)

|r− r′|
drdr′ + Exc[n], (2.10)

where Ts[n] is the kinetic energy functional for the the system of non-interacting

electrons with density n(r) and EH[n] (called the Hartree term) is the classical

electrostatic self-interaction of the electron charge density distribution, and Exc[n]

is the so-called exchange-correlation energy. Exc[n] is unknown and its approxi-

mation determines the quality of the solution of the full many-body problem.

The effective potential VKS :

VKS(r) = Vext(r) + VH(r) + Vxc(r) (2.11)

where the VH is the Hartree potential

VH(r) =

∫
n(r′)

|r− r′|
dr′ (2.12)

which is in turn is also related to the electron density n(r) via the Poisson equa-

tion:

∇2VH(r) = −4πn(r) (2.13)

and the exchange-correlation potential Vxc is given by the functional derivative

Vxc(r) =
δExc[n]

δn(r)
. (2.14)

The many-body problem is reduced to a system of non-interacting particles sub-

ject to an effective potential. Essentially one must only simply solve the one-

electron Schrödinger equation:[
− ~2

2m
∇2 + VKS(r)

]
ψi(r) = εiψi(r), (2.15)

The ground-state charge-density distribution is given by

n(r) =
N∑
i

|ψi(r)|2, (2.16)
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and the kinetic energy:

Ts[n] = − ~
2m

N∑
i

∫
ψ∗i (r)∇2ψi(r)dr, (2.17)

whereN is the number of electrons. The Kohn-Sham total energy is finally written

as:

E[n] =
N∑
i

εi−
e2

2

∫
n(r)n(r′)

|r− r′|
drdr′+Exc[n]−

∫
Vxc(r)n(r)dr +EN (R) (2.18)

A very crucial aspect in applying density functional theory to solve the electronic

ground state density is the approximation of the unknown exchange and correla-

tion functional.

2.3 Exchange-Correlation Functional

The earliest and simplest approximation is to replace Exc locally by that of an

homogeneous electron gas of the same point-wise density, known as the local

density approximation (LDA) [7]:

ELDA
xc [n] =

∫
εxc(r)n(r)dr, (2.19)

V LDA
xc (r) =

δELDA
xc [n]

δn(r)
=
∂ [n(r)εxc(r)]

∂n(r)
(2.20)

where εxc(r) = εhomxc [n(r)] is the exchange-correlation energy density of the ho-

mogeneous electron gas density n.

A significant improvement compared to the accuracy of LDA is achieved by

using the gradient of the electron density as in the so-called generalized gradient

approximation(GGA). In GGA, the unknown functional is approximated by an

integral over a function that depends only on the density and its gradient at a

given point in space.

EGGA
xc [n] =

∫
drn(r)εGGA

xc (n(r);∇n(r)). (2.21)
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where εxc is described in various forms. The GGA is proven to provide better

accuracy of binding energies, i.e., closer to the experimental values, and here this

approximation is also utilized in the formulation of Perdew-Wang 91 (PW91) [8]

and the Perdew-Burke-Erzenhorf (PBE) [9] functionals.

2.4 Calculation of phonon frequencies

The vibrational frequencies ω of atom I at atomic position RI , with displacement

in its cartesian component α, are determined by finding the eigenvalues of the so-

called Hessian matrix

det

∣∣∣∣ 1√
MIMJ

CαβIJ − ω
2

∣∣∣∣ = 0 (2.22)

where CαβIJ is the inter-atomic force constants matrix (or dynamical matrix) is

the second derivative of the Born Oppenheimer energy with respect to atomic

position:

CαβIJ =
∂2E(R)

∂Rα
I ∂Rβ

J

. (2.23)

In crystalline solids, normal modes are classified by a wave vector q. When

a monochromatic perturbation is introduced to an atom s, displacing the atom

from its equilibrium position by us(l) the form of RI becomes:

RI [us(q)] = Rl + %s + us(q)eiq·Rl (2.24)

where l refers to the primitive unit cell, Rl is the crystal lattice vector, %s is the

equilibrium position of the s-th atom in the unit cell. The Fourier transforms of

the inter-atomic force constants is the second derivative of the energy with respect

such displacements:

C̃αβst (q) ≡
∑
R

e−q·RCαβst (R) =
1

Nc

∂2E

∂u∗αs (q)∂uβt (q)
, (2.25)

where Nc is the number of unit cells in the crystal. The phonon frequencies ω in

terms of wave vector q are the solution of the secular equation:

det

∣∣∣∣ 1√
MsMt

C̃αβst (q)− ω2(q)

∣∣∣∣ = 0. (2.26)
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The calculation of the dynamical matrix C̃αβst (q) in Eq. 2.25 entails the calculation

of the linear response of the electron density: ∂n(r)/uαs (q) and this procedure is

done with density functional perturbation theory (DFPT) [3]. DFPT employs

Hellmann-Feynmann theorem to show that this electron-density linear response

corresponds a second order variation of the ground state energy. So the linear

response C̃αβst (q) may be calculated from the unperturbed wave functions (ground

state) using standard perturbation theory. Refer to Ref. [3] for more details. This

dynamical matrix is computed on a chosen grid of q-vectors and then diagonalized

to get the phonon modes ω at q.

2.5 Nudged-elastic band method

Chemical reactions between atoms or molecules impinging on a substrate and

other important and subsequent material growth processes, such as atomic diffu-

sion and molecular adsorption and desorption, are typically thermally activated

processes. The probability of overcoming an energy barrier EA during the tran-

sition from initial state to final state in these processes is related to EA/kBT

(kBT is the thermal energy, kB and T are the Boltzmann’s constant and tem-

perature of the system, respectively). When EA � kBT , the transition becomes

a ”rare event”. This is termed as such because the dynamics proceeds by long

waiting periods compared to typical vibrational time scales (picoseconds) around

(meta)stable states followed by extremely fast transitions or jumps from one state

to another 2.

The study of complex systems driven by ”rare events” is usually based on

the identification of the transition state, which can be identified with a saddle

point between the two local minima representing the initial and final states on

the PES. The activation energy EA (or energy barrier to be overcome) is given

by the potential energy at the saddle point and with which the transition rate

can be computed using the harmonic transition state theory. However identifying

2Moreover, computationally, the time-scales relevant to these processes are several orders
of magnitude longer than what can be accessed by standard first-principles molecular dynam-
ics (MD) techniques available today. As an illustration, in a reaction with energy barrier of
EA=1eV, with a typical atomic vibrational frequency of 10−13s at T = 300K, the transition
will occur on the average every 40 minutes. A typical quantum mechanical MD techniques is
10−15, so in this case, 2.418 MD steps must be used.
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saddle points is generally very challenging. One of the sophisticated numerical

methods developed to address this problem is the so-called nudged-elastic band

method (NEB) [10]. The NEB method identifies the minimum energy path that

connects the two (meta)stable states. This method will be described shortly.

The minimum energy path (MEP), also known as the reaction coordinate,

is defined as a path R(s) in a configuration space where the components of the

forces orthogonal to it are zero:

∇E(R(s))− [τ (s) · ∇E(R(s))] τ (s) = 0. (2.27)

where τ(s) is the normalized tangent vector and s is an arbitrary reaction coordi-

nate which parametrises the MEP. The first step in finding the MEP in Eq. 2.27

is the discretisation of the continuous reaction coordinate s into finite sequences

of i images (chain of states):

s −→ i · δs

R(s) −→ Ri

τ −→ τ i =
Ri+1 −Ri−1

Ri+1 −Ri−1
. (2.28)

The MEP condition in Eq. 2.27 in its discrete form is now written as:

−F⊥(Ri) = ∇E(Ri)− (τ i · ∇E(Ri)) τ i = 0. (2.29)

In the NEB method, forces parallel to the reaction path are added by intro-

ducing virtual ”springs” that connects the sequences of images, with elastic forces

given by and

F(Ri)
elastic
‖ = −k [τ i · (Ri+1 + Ri−1 − 2Ri)] τ i, (2.30)

such that the total forces acting on the image Ri is given by

F(Ri) = F(Ri)⊥ + F(Ri)
elastic
‖ (2.31)

where k is the elastic constant of the springs. The MEP convergence condition

would then be F(R(i)) = 0.
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A modification of the NEB method - the climbing image NEB (CI-NEB)

method - was introduced by Henkelman et al. [11]. In this scheme, the image

with highest energy CI is identified and is driven up to the saddle point (thus the

term ”climbing image”). This image does not feel the spring forces, and the force

to the PES tangent to the path is reverted, and is given by

FCI(R) = −∇E(RCI) + 2(τCI · ∇E(RCI))τCI. (2.32)

In the climbing image scheme the maximum-energy image is forced to move

up-hill along the along the elastic band and down-hill along the directions perpen-

dicular to the band. The rest of the images of the band defines a degree of freedom

where the energy is maximized, which eventually led to MEP convergence and

hence gives an approximation of the reaction coordinate around the saddle point.

The main advantage of NEB-CI (over simple NEB) is essentially finding more

accurately the saddle point of reaction, and hence the activation barrier without

much additional computational expense [11].

2.6 Software packages

The DFT-based methods for calculation of the total energy of the surface and

interface model systems utilized in this work have been implemented by Gianozzi

et al. in the Quantum-Espresso package [12]. The Quantum Espresso package

contains the PWSCF and PHONON codes, and are particularly suitable for peri-

odic systems or solids. With the PWSCF code, the energetics of processes (e.g.,

adsorption and bonding energies) are calculated for the model systems we de-

veloped, tested and established. Calculations for the vibrational properties of

adsorbed molecules are done using the PHONON code, while the mapping of the

the minimum energy path to determine reaction coordinates and energy barrier for

thermally activated process was calculated by also using the PWSCF code in its

NEB mode. We also utilized other ab-initio codes (both DFT-based and general

ab-initio quantum chemistry package) for their strengths in performing calcula-

tions for molecules in the gas phase: Gaussian03 and CPMD and GAMESS. We

will refer to them as we go along the course of each chapter.



CHAPTER3

SiO adsorption on Si(100) surface

We have investigated the adsorption mechanism of SiO molecule incident on a

clean Si(100) p(2×2) reconstructed surface using density functional theory based

methods. Stable adsorption geometries of SiO on a Si surface, as well as their

corresponding activation and adsorption energies are identified. We found that

the SiO molecule is adsorbed on the Si(100) surface with almost no activation en-

ergy. An adsorption configuration where the SiO binds on the channel separating

the dimer rows, forming a Si-O-Si bridge on the surface, is the energetically most

favourable geometry found. A substantial red-shift in the calculated vibrational fre-

quencies of the adsorbed SiO molecule in the bridging configurations is observed.

Comparison of adsorption energies shows that SiO adsorption on a Si(100) surface

is energetically less favourable than the comparable O2 adsorption. However, the

role of SiO in the growth of silicon sub-oxides during reactive magnetron plasma

deposition is expected to be significant due to the relatively large amount of SiO

25
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molecules incident on the deposition surface and its considerable sticking proba-

bility. The stable adsorption geometries found here exhibit structural properties

similar to the Si/SiO2 interface and may be used for studying SiOx growth.

This chapter is published as Surface Science 603 (2009) 901-906 [13].

3.1 Introduction

The oxides of silicon containing materials have attracted substantial interest in

the past decades due to the important role these oxides play as the insulating layer

in semiconductor devices [14]. Due to the huge technological and fundamental rel-

evance of these oxides the oxidation process of silicon surface has been intensively

studied. Silicon dioxide (SiO2), an excellent gate dielectric, is most often grown

on the Si surface by sputter deposition techniques [15]. The Si/SiO2 interface

is not abrupt but contains a few layers of intermediate Si oxidation states [16].

Recent rf reactive magnetron deposition experiments with silicon sub-oxides have

shown a surprisingly large flux of SiO+ ions arriving at the deposition surface [17].

In order to obtain the desired silicon sub-oxides (SiOx, 0 ≤x≤ 2) composition, O-

and Si-bearing molecular and ionic species e.g., O2, O, Si and SiO) present in the

deposition chamber must be deposited on the Si surface in a controlled and pre-

cise fashion. An understanding and hence control of this process may be attained

by studying how the deposition process proceeds at the atomic level. Although

several computational studies have been devoted to the adsorption of O and O2

[18–20], which also leads to the formation of the SiO species on the Si(100) surface

[21], research into the adsorption of the SiO molecules on the Si(100) surface has

not yet been pursued.

The adsorption dynamics of SiO molecules on Si(100) is important as it is both

an O- and a Si-containing species, and they can, in principle, contribute to both

the silicon sub-oxides and SiO2 growth depending on the circumstances. SiO is

also experimentally found to be abundant in the plasma during rf reactive plasma

deposition of silicon sub-oxides and judging from the flux of ions impinging on

the growth surface the flux towards the surface is larger than the atomic oxygen

flux at lower oxygen partial pressures [22].
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The structure of the bulk SiO2 is characterized by the SiO4 tetrahedral, where

one Si atom is surrounded by 4 O atoms, and where each of these O atoms

is connected to 2 Si atoms [23]. In the bonding network of SiO2, O-O bonds

are therefore non-existent. In a typical reactive sputtering deposition, the gas

phase will contain significant amount of molecular oxygen. For O2 adsorbed on Si

surface, the O2 molecular bond has to be dissociated first in order to form a true

SiO4 network, and this requires up to 2.6 eV for the case where the molecular axis

of the incident O2 is oriented perpendicular to the Si surface [24]. The adsorption

of SiO on Si surface is more relevant, relatively speaking, in the growth of SiO2

on Si at low kinetic energies (below 0.2 eV) of the impinging species since the

dissociation of molecular oxygen will not take place [25]. At higher incident

energies of the plasma constituents the decomposition of the SiO2 film occurs and

surface etching, i.e., where the SiO molecules are desorbed becomes important.

This chapter presents a comprehensive study of the adsorption mechanism of

SiO molecules on a p(2×2) reconstructed Si(100) surface using density functional

theory based methods. We aim to elucidate the role of the SiO on the growth

of silicon sub-oxides by determining the energetically favourable adsorption sites,

stable final geometries and their corresponding activation and adsorption ener-

gies, as well as the corresponding vibrational properties. Since there exists no

systematic experimental data for SiO adsorption on Si(100) surface in literature

yet, we surveyed the comparable results available for the interaction of the Si- and

O-adatoms, and also molecular oxygen with a Si surface. The adsorption energy

of a Si adatom on a Si(100) surface shows an overall minimum in the vicinity

between the surface Si atom and the nearest-neighbor subsurface Si atom, the

so-called backbond position, with other local minima for the adsorption on top

of the dimer bonds and in-between dimers [26]. Recent computational work on

oxygen atom incorporation into the Si(100) surface ascertained that the O atom is

adsorbed in between dimer bonds, on dimer atoms, backbonds, and in a siloxane

position [27]. Widjaja et al. [19] reported that oxygen molecules are also adsorbed

on the Si(100) surface via the dimer bonds, dimer atoms and on the backbond

sites. Since the SiO molecule is a hetereo-nuclear molecule and furthermore has a

large dipole moment, both the Si-end and O-end interaction of the SiO molecule

with the Si surface needs to be investigated. Furthermore, the possible diffusion

of the adsorbed O atom from the SiO molecule is also considered in this work and
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compared with reported results.

3.2 Computational details

All calculations were performed within the density functional (DFT) theory using

the generalized gradient approximation (GGA) as implemented in the PWSCF

code of the Quantum Espresso package [12]. We have employed ultrasoft pseu-

dopotentials [28] for the atomic core regions [4, 29] and the Perdew-Wang 1991

(PW91) spin-polarized GGA functional [8] for the exchange-correlation function-

als [30]. Plane wave basis sets were used for the Kohn-Sham orbitals with a kinetic

energy cut-off of 408 eV. A value of 4080 eV was used for the charge-density cut-off,

and although this value is unnecessarily high it was kept throughout the calcula-

tions for consistency. Values of 476 eV and 612 eV for the cut-off kinetic energies

were also tested and yielded essentially the same results. A Monkhorst-Pack mesh

[31] of 3×3×1 is used for the Brillouin zone (BZ) sampling. BZ integrations were

performed using the Gaussian-spreading [32] special point technique with a smear-

ing parameter of 0.68 eV. The activation energies were determined by mapping

the minimum energy reaction path of SiO approaching the Si surface using the

nudged elastic band (NEB) method [33]. The vibrational properties were calcu-

lated using density functional perturbation theory (DFPT) [3], as implemented

in the PHONON package, also from the Quantum Espresso distribution.

The silicon surface is modelled with (1×1) periodic supercells of dimensions

7.7×7.7×17.5 Å. A slab containing 5 layers of silicon as shown in Figure 3.1(a)

with the Si bottom layer terminated with 8 hydrogen atoms is used. This struc-

ture is similar to the silicon surface investigated in the recent papers of Fan and

co-workers [34, 35]. The top-most layer consists of 4 Si atoms, which form into

two Si dimer pairs with alternate buckling along the same row upon surface re-

construction. In the bottom layer, each Si atom was saturated with 2 H atoms to

terminate the cluster and thereby avoid dangling bonds effects. A vacuum region

of around 11 Å between adjacent slabs ensured no spurious interaction occurs

between image slabs. The geometry of the H-passivated Si bottom layer was held

fixed throughout the calculations to mimic the Si bulk properties, while the sur-

face atoms are allowed to reconstruct after an initial structural optimization was

performed. The reconstructed Si (001) surface as shown in Figure 3.1(b) follows a
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Figure 3.1: Schematic of the system studied. (a) Top view of some of the
different initial configurations studied. The red and blue filled
circles are O and Si atoms of the SiO molecule, respectively. The
light-blue circles in each corner of the hexagon are the Si surface
atoms, drawn to scale according to its location on the surface.
(b) Front view of the model surface, with reference to target sites
and the different SiO orientations. (c) The electron density of
the SiO molecule. The numbers are the bond lengths, in . The
blue, white and red spheres are Si, H and O atoms, respectively.
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p(2×2) reconstruction with two asymmetric silicon dimers [36]. The total energy

difference between the reconstructed Si(001) p(2×2) surface (cluster) and the un-

reconstructed one, but retaining the inherent symmetry of the Si(001) surface,

amounts to 3.22 eV. For the calculation of SiO adsorption on the Si(100) surface,

the SiO molecules were initially positioned 4.0 Å above the reconstructed sur-

face. At this distance there is effectively no interaction with the surface and the

molecule can move freely. The molecule is then moved in steps of 0.5 Å towards the

surface and the full system of surface atoms and adatoms is fully relaxed at every

step. Structural relaxations are performed until the atomic Hellmann-Feynmann

forces are smaller than 0.03 eV/Å. The absolute adsorption energies are calcu-

lated with as reference the clean H-passivated Si(100) reconstructed surface and

the isolated SiO molecule:

Eads = EHSi/SiO − (EHSi + ESiO) (3.1)

where EHSi/SiO is the total energy of the adsorbate-substrate system, EHSi is the

energy of the clean reconstructed Si surface and ESiO is the energy of the isolated

SiO molecule. Negative adsorption energies correspond to stable adsorption sites

with this definition of Eads. Figure 3.1(a) and 3.1(b) show the various configu-

rations and orientations of the SiO molecule on top of the Si surface considered

in this study. The structures shown are the result of a more elaborate search for

stable adsorption geometries taking 40 possible initial configurations into account,

but 10 unique final configurations were found. For each configuration, the acti-

vation and adsorption energies were determined. The calculations were done at

the LISA cluster (a 800-node machine based on XEON processors) of the SARA

supercomputer center in Amsterdam and a typical relaxation run takes 20 CPU

hours on a 4 CPU cluster.

3.3 Results and discussion

3.3.1 The clean Si(100) surface and the SiO molecule

The relaxation of the Si(1×1) model surface reproduced the well known p(2×2)

reconstruction with alternate buckling of dangling bonds along the dimer rows as
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shown in Figure 3.1(b). Initial relaxation of the bottom of the surface unit cell

ensured that the bond lengths of the passivating H atoms and the bottom-most

Si layer were optimized. On the surface, the calculated Si dimer bond length of

2.35 Å is similar to literature values [37]. The buckling angle between the ”up”

(Siup) and ”down” (Sidown) Si dimer atoms is calculated to be 16.7o, which has a

difference of within 5% compared with the 18.6o reported in literature [37]. Due

to the asymmetric dimerization on the Si surface, charge is transferred from the

Sidown to the Siup [37]. Thus, in terms of electrostatics considerations, the Siup

(Sidown) will attract (repel) the electropositive species. The Si model surface has

a semiconductor character, but the calculated band gap here is only 0.28 eV,

compared to the experimentally observed band gap of 1.17 eV for bulk Si [38].

The calculated bond length of the free SiO molecule in the gas phase is de-

termined to be 1.53 Å, and this is to be compared with the 1.51 Å obtained

experimentally [39]. Figure 3.1(c) shows the free SiO molecule with a plot of its

electron charge density, showing the larger electronic charge density around the

O atom (Siδ+Oδ−). The calculated dipole moment amounts to 3.03 Debye at the

equilibrium distance, and this compares well with the experimentally determined

value of 3.0983 Debye [40] for the lowest vibrational state.

3.3.2 Binding sites of SiO on the Si(100) surface

Since both Si and O atoms have been found to be readily adsorbed and to diffuse

easily on the surface, we examine the adsorption behaviour of the SiO molecule

on a clean Si surface, and we have to take all possible original orientations into

account. We therefore prepared various typical orientations of the SiO molecule

relative to the reconstructed Si surface to obtain a representative sample of the

adsorption geometries of the SiO molecule on a p(2×2) reconstructed Si(100)

surface. Taking the existing results of the the individual atomic Si and atomic

O adsorption on the Si surface into account, we have generated 40 unique initial

configurations of SiO above the p(2×2) reconstructed clean Si(100). All these

systems were allowed to relax until a stable adsorption geometry was obtained.

Based on the structural relaxation and the trajectory calculations, we found 10

distinct adsorbed geometries (shown in Figure 3.2), one of which is a physisorbed

structure (A0, Eads= -0.26 eV), and the rest (A1 to A8) are chemisorbed struc-
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Figure 3.2: The 10 different stable adsorption geometries found. A0 is in-
channel ; A1, A3 and A7 are ondimer ; A2, A2−2 and A5 are
interrow. A4 and A6 are intrarow and A8 is intrarow-inchannel.
In parentheses the activation (first value) and adsorption (second
value) energies are given in eV.
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Figure 3.3: The minimum energy path of a SiO molecule approaching the
reconstructed Si(100) surface calculated using the nudged elastic
band method. The reaction coordinate is the distance between
the Si adatom and the bottom H layer.

tures with binding energies ranging from -0.48 eV to -2.49 eV at the minimum

point. The physisorbed structure (A0) shows almost no charge transfer and a

low electron density in between the Si and the SiO molecule. The adsorption

processes paths found are almost all barrierless (no intermittent maxima in the

path), and depend largely on the SiO initial position relative to the surface. Four

unique binding sites on the Si surface, the so-called ondimer, intrarow, interrow,

and inchannel [41] are identified from the adsorbed geometries and the final con-

figurations are classified accordingly. In Figure 3.2, structures A1, A3 and A7 are

ondimer configurations, where the SiO molecule binds to Si surface dimer atom

or atoms. In A1, the Si end of the SiO molecule is only weakly bonded to the

Si dimer atom with a Si-Si dimer bond length of 2.57 Å which is larger than the

2.35 Å measured for the clean reconstructed Si surface. With adsorption energy

of only -0.48 eV, A1 is energetically the least favourable among the chemisorbed

geometries determined here.

In structures A2 and A5, the SiO molecule binds between two adjacent dimer

rows, here referred to as the interrow configuration. A structure similar to A2

with adsorption energy slightly lower than A2 (0.14 eV difference) is also found
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(refer to A2−2 in Figure 3.2). The difference between A2 and A2−2 is that in

the former, the SiO bond is oriented perpendicular to the surface while in the

latter it is at a small angle with the normal to the surface. A4 and A6 are

intrarow configurations, where the SiO molecule forms a bridge between dimers

of the same row. The most stable structure overall is the A8, which we call

the intrarow-inchannel since the Si end of the SiO molecule is in an intrarow

configuration while the O-end binds to a Si subsurface atom of the adjacent dimer

row in an inchannel position, showing incorporation of the O atom into the Si

crystalline network. In configuration A8, the Si-O bond length is increased to

1.66 Å, and similarly, the Si-Si dimer length is increased to 2.41 Å from 2.35 Å,

and the Si-O-Si angle is 145.0o. Figure 3.3 shows the minimum energy path of the

A8 configuration as it approaches the surface. Indeed, the SiO molecule in this

configuration has to overcome a barrier of only 0.09 eV before it gets adsorbed

in an intrarow-inchannel configuration. To verify whether increasing the surface

area would alter the results, we have redone the calculations for a cluster twice as

big as the original cluster for all the stable adsorption configurations. We find no

significant difference (both in the adsorbed structures and adsorption energies),

except where configuration A4 relaxed to configuration A8, and we are therefore

confident that the results are converged with respect to the cluster size.

The adsorbed geometries in Figure 3.2 may be divided into two types. The

first type is the case where only the Si end of the SiO molecule is bonded to the Si

surface atoms (A1 to A4) and with adsorption energies of Eads ≤ 1.43 eV, which

we refer to here as T-SiO group. The second type is where both of the atoms in

the SiO molecule forms a bridging structures with the Si surface atoms, forming a

bend Si-O-Si structure (A5 to A8) with adsorption energies Eads ≥ 1.91 eV, which

we call B-SiO group. The average Si-O bond length in the T-SiO group is 1.55

Å, just 0.02 Å longer than the calculated Si-O bond length of the SiO molecule

in free space. On the other hand, the Si-O bond length in B-SiO group has

increased substantially, with values around 1.67 Å, and are similar to the values

obtained for the partially oxidized Si atoms found at the Si/SiO2 interface [42].

The elongation of the Si-O bond lengths is an indication that the SiO bond has

weakened, and is in part attributed to the reduced positive charge on the Si atoms

[42]. The Si-O-Si bond-angles of the Si in Sin>2O ring-like structure in B-SiO

group have values of 109.2o, 141.5o, 134.8o, 145.0o and fall within the bond angle
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Configuration dSi-O dSi-Si(S) dO-Si(S) d(Si-Si)d θSi-O-Si vibrational
frequency

Free SiO 1.53 1199
A0 inchannel 1.54 2.38, 2.38 1161
A1 on-dimer 1.55 2.57 2.36, 2.36 1102
A2 interrow 1.55 2.53, 2.55 2.31, 3.11 1127
A2−2interrow 1.56 2.48 3.15 1074
A3 on-dimer 1.54 2.34, 2.37 2.46, 2.34 1152
A4 intrarow 1.56 2.43, 2.42 2.39, 2.42 1092
A5 intrarow 1.68 2.54 1.72 2.80, 2.35 141.5 763
A6 interrow 1.65 2.59 1.73 2.42, 2.39 134.8 842
A7 ondimer 1.68 2.52 1.72 2.34, 2.39 109.2 764
A8 intra-inc 1.66 2.44, 2.42 1.70 2.40, 2.41 145.0 860

Table 3.1: The geometrical dimensions of the different configurations studied
and the phonon frequency of the mode in the phonon spectrum
associated with the SiO vibrational mode. Here, dSi-O, dSiS(S),
dOSi(S), d(SiSi) and θSiOSi refer to the bond length of the SiO ad-
sorbed molecule, the bond distance between Si adsorbate and the
Si surface atom, the bond distance between the O adsorbate and
the Si surface atom, the Si surface dimer length, and the SiOSi
angle, respectively. The bond lengths are in Å, the angles are in
degrees(o) and the vibration frequency is in cm−1.

range found in one of the Si/SiO2 interface models of Ref. [42]. Table 3.1 shows

the details of the bond lengths of the adsorbed structures described above. In the

B-SiO bridging configurations, the inclusion of the O atom in the bridging further

strengthens the adsorbate-surface interaction with significant energy differences

of 1.17 eV from A3 to A7, 0.79 eV from A4 to A6, and 0.96 eV from A2 to A5.

We have also examined the response of the Siup and Sidown species with re-

spect to its interaction with the O-end and the Si-end of the SiO molecule. Here

we considered a structure where the bond of the SiO molecule is oriented per-

pendicular to the surface, where either the O-end or the Si-end interacts directly

with the surface. For the trajectories where the O-end of the SiO molecule is

approaching the Siup (Sidown), we found that there is a small barrier during the

approach of 0.07 eV (0.04 eV) but upon adsorption it gains an energy of 2.17 eV

(2.15 eV). On the other hand, when the Si-end interacts with the Siup (Sidown),

the system has to overcome a barrier of 0.07 eV (0.00 eV) and then upon adsorp-

tion, it gains an energy of 0.98 eV (0.98 eV). These results show that contrary to
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what could be expected, the negative O-end (positive Si-end) still binds with the

initially electron-rich Siup (electron-deficit Sidown) with almost the same adsorp-

tion energies as in the electron-deficit Sidown (electron-rich Siup). This process

is energetically favourable through a barrierless charge transfer from the Siup to

Sidown resulting in a negligible buckling angle (as evident in configuration A7).

This also indicates that the Si dimer surface is strongly polarisable, i.e., a charged

atom incident on the surface will easily flip the polarity of the charge distribution.

The SiO molecule oriented perpendicular to the plane of the surface with the Si-

end approaching the dimer atoms (or dimer bonds) forms a bridge between the

dimer atoms as in configuration A3, forming a 3-atom ring (Si3). However, when

the SiO molecule is approaching with the O-end towards the surface, a 4-atom

ring (Si3O, as in configuration A7) was formed instead of a Si2O ring and with

a larger adsorption energy compared to A3. Direct insertion of the O-end of the

vertical SiO into the dimer bond is energetically strongly unfavourable and will

eventually pull down the Si-end to form the Si3O ring as in configuration A7. To

compare the adsorption of molecular oxygen on Si(100) surface with the results

found here, we consider final adsorption configurations that resemble the O2 ad-

sorbed structures found by Hemeryck et al. [27]. In particular, if a Si adsorbate

atom were to be replaced with O in configurations A3 and A7, they would resem-

ble that of the peroxides and the bridge geometries of oxygen molecule found in

Ref. [34]. Considering only the absorption of the singlet states of O2, the adsorp-

tion energies of configuration A3 and A7 were reported to be -1.60 and -3.02 eV,

respectively, which is lower than the SiO adsorption energies found here (-0.98 eV

and -2.15 eV for A3 and A7, respectively). The adsorption of the SiO molecule on

the Si(100) surface is therefore energetically less favourable than the comparable

adsorption of the O2 molecule in the singlet state.

3.3.3 Vibrational frequency of the adsorbed SiO molecules

We have investigated the phonon spectrum of the stable adsorbed structures de-

scribed above and determined the phonon mode associated with the vibrational

mode of each of the SiO molecular adsorption sites on Si(100) surface. The cal-

culated vibrational frequencies are shown in Table 3.1 (last column).

The vibrational frequency of free SiO is calculated to be 1199 cm−1, which
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Figure 3.4: Diffusion of O atom from the most stable SiO adsorption ge-
ometry (A8). The energies shown inside the brackets below the
figures are the activation (first value) and adsorption (second
value) energies, in eV, calculated with respect to configuration
A8. Positive adsorption energy values mean that the diffused O
structure is less favourable than A8.

is in reasonably good agreement with the experimental value of 1241 cm−1 [39].

Consistent with the adsorption energies calculated, the final geometries A1 to A4

with adsorption energies of up to 1.43 eV, yield vibrational frequencies that are

red-shifted with up to 9% compared to that of the free SiO molecule. For the A5

to A8 geometries, the vibrational frequencies of the adsorbed SiO molecule are

strongly red-shifted, with a decrease of the frequency to almost half the calculated

value for free SiO. We furthermore calculated the vibrational modes corresponding

to the Si-H vibration. Ideally they should not change much for all calculated

geometries, since the lower layer of Si atoms are assumed to be well isolated from

the top layer of the cluster. We find the Si-H vibrations to stay in the range of

2222 to 2226 cm−1 for all clusters, and we are therefore confident that the chosen

cluster (slab) thickness is adequate.

3.3.4 O atom diffusion on the Si surface

Starting from the most stable SiO adsorbed configuration (A8 in Figure 3.2), we

investigate the mechanism for possible O atom diffusion on the surface. Figure 3.4
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shows three different optimized structures of the diffused O atom. The adsorption

energies relative to A8 range from +0.32 to +0.57 eV. The positive energies cal-

culated indicate that diffusion of O atom is energetically unfavourable compared

to the most stable adsorption configuration (A8), which is consistent with the

results in the case where one of the O atoms of the O2 adsorbed molecule on Si

surface was allowed to diffuse [27]. In addition, it is also indicative of the unlikely

dissociation of SiO molecule once incorporated into the Si surface.

3.4 Conclusion

This work provides a structural model of the adsorption of SiO on Si(100) sur-

face. We have investigated the adsorption mechanism of SiO on a reconstructed

Si(100) surface by employing first-principles calculations based on density func-

tional theory. A comprehensive number of initial configurations of SiO on the

Si(100) reduces to ten energetically favourable adsorption geometries for SiO on

the Si(100) surface. Identification of the modes in the phonon spectrum associ-

ated with the vibration mode of the SiO vibration in the adsorbed SiO molecule

show that the adsorbed molecule yields strongly red-shifted frequencies compared

to the free SiO molecule, a further proof that SiO reacts with the Si(100) surface.

The results indicate that SiO is chemisorbed on the Si(100) surface with a negli-

gible barrier via direct adsorption channels such as on top of the dimer bonds or

atoms, and on channels separating dimer rows. The adsorption site where the SiO

molecules are adsorbed on the channels separating the dimer rows with O atom

bonded with the subsurface Si layer, is the energetically most favourable adsorp-

tion configuration. The SiO adsorption on the Si surface leads to the formation of

a Si-O-Si bond network, which can be a possible intermediate step in building the

SiO4 tetrahedral, the basic building block of the insulating SiO2 layer. This result

is in agreement with the observation that the deposited SiO may be considered

as the nucleus site for SiO2 growth.



CHAPTER4

SiO2 adsorption on Si(100) surface

Abstract

We have investigated the adsorption of molecular (gaseous) SiO2 on a clean

Si(100) p(2×2) reconstructed surface using density functional theory based meth-

ods. The SiO2 molecule is found to be chemisorbed on various sites on the Si

surface and the most energetically favourable structure is on top of the dimers.

The minimum energy pathways for the various adsorption channels indicate that

the reaction is barrierless in all cases. The corresponding vibrational spectrum

is also calculated and the adsorbed molecules are, as expected, found to have red-

shifted vibrational frequencies. The energetically favourable adsorption sites and

adsorption energies are comparable to the results found for SiO.

This chapter is published as Surface Science 604 (2010) L21-L25 [43].
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4.1 Introduction

In recent experimental work on rf reactive magnetron sputter deposition of silicon

sub-oxides, various Si and O-containing species were found in the plasma using

energy resolved mass spectrometry [17]. It was observed that for higher oxygen

partial pressures, the presence of SiO+
2 ions are present in the plasma directed

towards the deposition surface, this in addition to other dominant ionic species

of O, O2 and SiO. This observation is interesting since the sputtering target is a

pure Si target, and SiO2 is therefore not expected to be formed on the surface

under typical sputtering conditions. The isolated SiO2 molecule is outer shell iso-

electronic with CO2, and therefore linear in the electronic ground state. Whereas

CO2 is gaseous under normal standard temperature and pressure (STP) condi-

tions, the Si atoms can accommodate more O atoms to form a SiO4 tetrahedron,

the basic unit of SiO2 bulk (quartz) network [23]. Although SiO2 under STP

normally is a solid, it is possible to form isolated gaseous SiO2 under extreme

conditions, i.e., as reported in Ref. [17], it is produced when the silicon sputtering

target was bombarded by energetic argon ions in the presence of O2. Isolated SiO2

molecules were studied decades earlier and they were formed when SiO molecules,

along with atomic O, generated by microwave excitation, are co-condensed on a

cooled argon matrix surface [44]. The linearity of the SiO2 molecule has not been

observed directly experimentally, but as expected this is found theoretically. The

presence of SiO2 in Ref. [44] was inferred based on the ν3 vibration of the SiO2

molecule observed in the IR spectroscopy measurements. SiO2 is not expected to

contribute much to the growth of silicon oxides in rf magnetron plasma deposi-

tion, since the SiO+
2 flux towards deposition surface is orders of magnitude lower

than the other Si/O containing species in the plasma [22], but studying the reac-

tion of the isolated SiO2 molecule with a Si surface is of fundamental interest and

may also shed light on the understanding of the dynamics of SiO and O adsorbed

simultaneously on the surface.

In this work, the adsorption of a SiO2 molecule on a Si(100) surface is inves-

tigated using density functional theory. We consider a neutral SiO2 molecule in

the electronic ground state, under the assumption that the ionic SiO+
2 becomes

neutralized as it impinges on the Si substrate. We furthermore assume that the

SiO2 is initially linear and not vibrationally excited. Although it is likely that the
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SiO2 is vibrationally excited in the plasma, this should not affect the obtained

results substantially since no threshold for adsorption is found in the calculations.

4.2 Computational Details

The Si(100) slab model surface is constructed utilizing a unit cell with dimensions

of 15.4×7.7 ×17.5 Å. The unit cell is composed of five Si layers with 8 Si atoms

per layer. The topmost layer of this surface has two columns of two Si dimer rows.

At the bottom layer of the slab, the Si atoms are fixed in their bulk positions [36]

and every dangling bond is passivated by an H atom (2 H atoms per Si atom)

and the positions are kept fixed throughout the calculations. The Si top layer

has a p(2×2) surface reconstruction, where the Si dimer pairs forms alternating

buckled dimers. The p(2×2) and c(2×4) reconstructions are the most stable Si

surface reconstructions [45] with surface energies differing only by a few meV.

The vacuum region separating the image slabs amounts to 11 Å.

Starting from a clean p(2×2) reconstructed Si(100) surface, the positions

where Si and O are most likely adsorbed are determined. Based on our pre-

vious work on SiO adsorption on Si [13] we have a fair idea where the Si and

O atoms are most likely bonded on the Si surface, but we have considered all

possible pathways of SiO2 reacting on the Si surface. To study how SiO2 is ad-

sorbed on the surface, we placed a SiO2 molecule close to the surface, at a vertical

distance of 2.5 Å from the atom in SiO2 that is closest to the topmost surface

atom. This chosen distance is just slightly bigger than the typical Si-Si dimer

bond length (2.35 Å). Two types of geometries of SiO2 with respect to the surface

were prepared, namely, SiO2 with bond orientation a) perpendicular and b) par-

allel to the surface. Full atomic relaxations were then performed for the surface

and adsorbate atoms until the Hellmann-Feynmann atomic forces are less than

0.03 eV/Å to determine the stable adsorption geometries. The adsorption energy

is then calculated using the formula:

Eads = EHSi/SiO2
− (EHSi − ESiO2

), (4.1)

where EHSi/SiO2
is the energy of the surface-adsorbate complex, EHSi is the energy

of the clean surface, and EHSi is the energy of the isolated SiO2 molecule in free
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space. For consistency, the same cell sizes are used for all calculations. To map

out the reaction pathways, we utilized the nudged-elastic band (NEB) method

[33]. The NEB method connects the initial and the final images by searching

the minimum energy path between them. Here we take the initial configurations

previously used and place the SiO2 molecule at a position farther away from the

surface as the initial image. A distance of 4.0 Å between the SiO2 molecule and

the Si surface was used to ensure that no significant adsorbate-surface interaction

exists at the start of the calculation. Although this starting point is relatively

close to the surface, we have found that there is little development in the poten-

tial energy hyper-surfaces at longer distances, and it was deemed safe to start

the calculations at 4.0 Å. The final images used for the NEB calculations are

the stable adsorption geometries obtained from the full atomic relaxations. We

used 8 images in our NEB calculations to determine the minimum energy path

(and possible activation barrier) for the SiO2 adsorption on Si(100) surface. All

calculations were performed within the framework of density functional theory

using plane wave basis sets as implemented in the PWSCF code. Ultrasoft pseu-

dopotentials [28] were utilized to describe the electron-ion interactions [4, 29] in

H, Si and O atoms. We also employed Perdew-Wang 1991 (PW91) spin polar-

ized general GGA functional [8] for the exchange-correlation functionals. The

kinetic energy cut-off is fixed at 408 eV for the plane waves and 2040 eV for the

charge density. A Monkhorst-Pack [31] grid of 3×3×1 was used for the Brillouin

zone (BZ) sampling and the BZ integrations were performed using the Gaussian-

spreading special point technique [32] with a smearing parameter of 0.68 eV. The

relaxation is performed using the Davidson iterative diagonalization with overlap

matrix. Density functional perturbation theory (DFPT) is used for calculating

the vibrational spectra [3]. The total energy calculations were performed using

the PWSCF code, which also contains the NEB and the PHONON routines for

determining the minimum energy path and activation energies and the vibrational

properties calculations, respectively, and is integrated in the Quantum-Espresso

package [12].
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Figure 4.1: The linear SiO2 molecule. Red spheres are O atoms and the
peach-coloured spheres are Si atoms.

4.3 Results and Discussion

The Si(100) model surface utilized here is similar to the one mentioned in our

previous work [13] but since we are considering a bigger molecule this time, we

have doubled the surface by combining two slabs and place them side by side in

order to have a bigger surface area. A SiO2 molecule in the gas phase is a linear

molecule with the geometry shown in Figure 4.1. This linear geometry is due to

sp hybridization of the Si bonds. The calculated equilibrium Si-O bond length

for the SiO2 molecule is found to be 1.53 Å, similar to the bond length of free SiO

molecule obtained theoretically [13], and slightly higher than the experimental

value of 1.510 Å [39]. The Si-O bonds in the SiO2 molecule are strongly polarized

Si2δ+Oδ− although the molecule does not have an overall dipole moment due to

the linear symmetry. However, at short range the electrostatic interaction with

the surface is substantial and comparable to the interactions found for SiO [13].

To investigate the adsorption energetics of the SiO2 molecule on the surface,

we have taken 40 initial configurations for two geometries: where the SiO2 with

its bond length oriented parallel to the surface and where it is perpendicular. We

find that SiO2 molecules are easily adsorbed on the surface. The stable adsorption

structures of molecular SiO2 on Si surface are shown in Figure 4.2. Of the 10 final

adsorption structures obtained, we found only one structure that is physisorbed

(refer to configuration B1 in Figure 4.2). The physisorbed configuration is charac-

terized by a low adsorption energy (-0.26 eV) and a much smaller degree of bond

formation between the SiO2 and the Si surface. The absence of electron charge

density transfer from (to) the surface (molecule) is indicative of the weak adsorp-

tion. The rest of the adsorption structures have adsorption energies ranging from

-1.54 to -4.91 eV, as indicated in Figure 4.2. The energetically most favourable

adsorbed structures are those where both O ends of the SiO2 bind with the Si
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surface dimer atoms. Among the chemisorbed structures (B2 to B9), the one

where only the Si atom of the SiO2 molecule binds with a Si surface atom show

the least adsorption energy (refer to B2).

We can further classify the adsorbed structures in terms of atomic bonds

formed and the corresponding energetics. In the case where only the Si atom of

the SiO2 molecule is bonded to the Si surface atom (as in B2), the adsorption

energy found is -1.54 eV. In the case where both the O- and Si-ends of the SiO2

molecule are bonded to the Si surface atoms, the energies range from -3.44 to -3.65

eV (B3 to B5). One might expect that when all the atoms in the SiO2 molecule

bonds simultaneously to the Si surface atoms (as in B6), we would find the most

stable configuration, however this is not the case. The adsorption energy found

for B6 is -4.27 eV, which is 0.64 eV higher than the adsorption energies found

in the most stable structure (B9) where only the O-ends of the SiO2 molecule

are bonded. The NEB calculations for all the 10 adsorption geometries found

here yield no activation barrier for the adsorption of SiO2 on Si in all cases, an

indication that SiO2 molecule is readily adsorbed on the clean Si(100) surface.

4.3.1 Binding sites of SiO2 on a Si(100) surface

We have identified 5 different binding sites of SiO2 molecules incident on a Si(100)

surface, these are, namely: in-channel (B1), on-dimer (B2, B4, B6 and B9),

interrow (B3 and B7), intrarow (B5 and B8) and on-dimer-intrarow (B6). The

terminology of the binding sites used here is based on previous works [13, 26]. We

found 4 different adsorption geometries on the on-dimer site, which agrees with

the observation that the dimers are the most reactive part of the Si surface [24, 35].

In fact, the most favourable adsorption geometry found here is the case where the

O ends of the SiO2 molecule are each bonded on the Si dimer atoms belonging to

the same dimer pair (thus forming an Si-O-Si-O-Si ring on the surface, see B9 of

Figure 4.2), with an adsorption energy of -4.91 eV. The B9 configuration is more

stable than in the case where only an O2 molecule is adsorbed on the surface, at a

similar binding site and structure to the peroxide bridge [19, 24], and in which the

adsorption energy amounts only to -3.02 eV. The energetically least favourable

configuration is the case where the SiO2 molecule is oriented perpendicular to the

plane of the surface and where it is trapped in an in-channel site, where almost
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no electron density is present between the Si surface and the O atom.

4.3.2 Vibrational Properties

The phonon frequencies of the adsorbed SiO2 molecule on the Si surface were cal-

culated within the framework of density functional perturbation theory (DFPT)

[3] and the results are shown above the adsorbed structures in Figure 4.2. The

asymmetric and symmetric stretching modes of the isolated SiO2 molecule are

calculated to be 962 cm−1 and 1392 cm−1, respectively. The calculated phonon

frequencies for SiO2 molecule adsorbed on the Si surface correctly predict the

expected behaviour, i.e., that the frequencies are red-shifted. In addition, we

also observe that the degree of the red-shifting in the phonon frequency depends

on the degree at which the SiO2 is incorporated into the surface. The highest

vibrational frequencies are in the range of 712 to 1334 cm−1 and correspond to

the O-Si-O asymmetric stretching mode. The second highest frequencies are in

the range 697 to 988 cm−1 and are related to the symmetric stretching mode of

O-Si-O. The vibrational modes of the least favourable adsorption geometry found

here (B1) remains essentially the same as in the free SiO2 molecule, as one would

expect for a physisorbed molecule. Similarly, a marginal shift in the vibrational

frequencies is also observed in B2, a relatively weakly adsorbed structure where

only the Si atom of SiO2 binds to Si surface dimer atom. This shift is less than

5% compared to the SiO2 molecule in free space.

In the case where one Si and one O atom of the SiO2 molecule bind to the

Si surface atoms (as in B3 to B5), the asymmetric and symmetric vibrational

frequencies of SiO2 molecule decreased by up to 13% and 9%, respectively. For the

more strongly adsorbed structures where both O ends of the SiO2 molecule bind to

the Si surface dimer atoms (as in B6 to B9), the vibrational frequencies are heavily

red-shifted, the SiO2 vibrational frequencies decreased by up to 32% and 16% for

the asymmetric and symmetric stretching modes, respectively. Of the adsorption

geometries reported in Figure 4.2, B6 (the only geometry where all 3 atoms of the

SiO2 molecule are adsorbed on the surface) is the configuration where the phonon

modes are most substantially red-shifted among all other chemisorbed adsorption

structures found. In the B6 configuration the asymmetric and the symmetric

vibrations have decreased by a value of 679 cm−1 and 265 cm−1, respectively,
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Figure 4.2: Stable geometries of adsorbed SiO2 molecule on a clean p(2x2)
reconstructed Si(100) surface. The values inside the brackets
below the figures are the adsorption energies in eV. The values
above the figures inside the square brackets are the two domi-
nant vibrational modes of the adsorbed SiO2 molecule in cm−1.
Red, white and peach-coloured spheres are O, H, and Si atoms,
respectively. In B4 and B6, the bonds in the figures between
Si adatom (1) and Si surface atom (2) indicate their proximity
with each other. The bond lengths of atoms (1) and (2) in this
case are larger than the typical Si-Si bond length, with 2.71 Å
and 2.79 Å measured for B4 and B6, respectively.
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Eads dSi-O(L), dSi-O(R) dO-d(L), dO-d(R) dSi-d θSi-O-Si θO-Si-O

SiO2 1.53, 1.53 180.0
B1 -0.26 1.53, 1.54 178.8
B2 -1.54 1.55, 1.55 2.37 146.8
B3 -3.44 1.54, 1.65 , 1.69 2.42 157.2 122.5
B4 -3.61 1.53, 1.68 1.71 2.38 106.3 125.6
B5 -3.65 1.54, 1.67 1.70 2.39 128.4 122.9
B6 -4.27 1.71, 1.74 1.70, 1.70 2.49 128.6, 105.4 111.5
B7 -4.66 1.67, 1.68 1.69, 1.68 163.9, 160.0 110.0
B8 -4.87 1.68, 1.68 1.68, 1.68 141.1, 141.1 107.8
B9 -4.91 1.68, 1.69 1.70, 1.70 124.9, 123.4 103.0

Table 4.1: Energetics and geometries for the stable adsorption geometries of SiO2

molecule on a clean Si p(2×2) reconstructed surface. Eads refers to
the adsorption energy in eV; dSi-O(L) and dSi-O(R) are the Si-O bond
lengths for the SiO2 adsorbate; dO-d(L), dO-d(R) and dSi-d are bond
lengths of the surface dimer atoms and the O and Si adsorbate atoms,
respectively; θSi-O-Si and θO-Si-O are the Si-O-Si and O-Si-O angles,
respectively. The bond lengths are in angstroms (Å) and the bond
angles are in degrees (o). The notations used namely, (L) for left and
(R) for right, refers to which bond is in which location in the structures
shown in Figure 4.2.

compared to that of the isolated SiO2 molecule.

We examined how the stretching modes of Si-O of the adsorbed molecular SiO2

depend on the binding site in the case where both O atoms of SiO2 molecule are

bonded on the surface. We found that for on-dimer configuration in B9, where

both O-ends are adsorbed on top of the Si dimer atoms, the Si-O stretching modes

is damped to 860 and 762 cm−1 for the asymmetric and symmetric modes, respec-

tively. Similarly, B6, the configuration where the Si-O is most heavily red-shifted

among all configurations described above, is also in an on-dimer configuration.

Configuration B7 and B8 are in an interrow and intrarow configurations, respec-

tively, have exactly the same stretching frequency, both in the asymmetric and

symmetric modes, although their adsorption energies differ by 0.21 eV.

4.3.3 Comparison with the Si/SiO2 interface

Here we compare the structural properties of the adsorbed structures obtained

in this work to the geometries found in the sub-oxide region as well as in the

region with intermediate Si oxidation states in the Si/SiO2 interface studied by
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Pasquarello et al. [14, 42]. Table 4.1 summarizes the geometrical properties of

adsorbed SiO2 on Si surface we determined in this work. For strongly adsorbed

structures (e.g., B3 to B9, with adsorption energies ranging from -3.44 to -4.91

eV), the Si-O bond lengths for the adsorbed molecular SiO2 calculated have in-

creased from the 1.53 Å (gas phase) to a value centered around 1.68 Å. This is

indeed larger than the Si-O bond lengths found in the oxide region of the Si/SiO2

interface (centered around 1.62 Å) but it is similar to the preferred Si-O bond

lengths measured in partially oxidized silicon atoms (as high as 1.67 Å) [14, 42].

The elongation of the Si-O bond lengths is partly attributed to the reduced atomic

charge on the Si atoms [14]. The O-Si-O angles we calculate for configurations

B3 to B5, where only one of the O atom of the SiO2 bonds to the Si surface

atoms averaged to 123.7o, while the O-Si-O angles measured for configurations

B6 to B9 averaged to 108.1o and has a difference of less than 1% compared to the

O-Si-O angles found in the sub-oxide region in the two Si/SiO2 interface models

reported in Ref. [14]. The values of the Si-O-Si angles calculated for configura-

tions B3 to B9 also indicate a range similar to the ones found for sub-oxide region

in the Si/SiO2 interface models mentioned above. Specifically, we found that the

Si-O-Si angles formed here when SiO2 are adsorbed on Si, are centered on five

distinct values for the cases B3 to B9, namely (averaged), 105.9o, 124.1o, 128.5o,

141.1o, and 160.4o. The first group centered at 105.9o, is found in the case where

the Si-O-Si is formed when the Si-O end of the SiO2 molecule binds directly to

a Si surface dimer pair, as in the configuration B4 and B6(R), thereby creating

a Si-O-Si-Si ring on the surface. The second set of Si-O-Si angles, centered at

124.1o, is the case where Si-O-Si-Si-O ring is formed on the surface as in B9. The

third group, Si-O-Si angles at 128.5o, (B5, B6(L)) are those where only the Si-O

segment of the SiO2 molecule binds to two Si dimer atoms of succeeding rows.

The fourth Si-O-Si set, 141.1o as calculated in B8 configuration, is the case where

the SiO2 molecule bridges over two Si dimer atoms in the same column forming

Si-O-Si-Si-Si-O ring on the surface. The largest Si-O-Si angles calculated here is

the case where the SiO2 molecule bridges over two adjacent dimer rows as in B3

and B7.
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4.3.4 SiO2 vs. SiO on Si(100) surface

To compare the adsorption geometries of SiO2 with that of SiO on the same Si

surface, we examine configurations B3 to B6 reported in Figure 4.2. The common

feature of B3 to B5 is that two atoms (Si and O) of the SiO2 molecule are bonded

on the Si surface atoms, with the O atom on the opposite end sticking out of the

surface. The adsorption geometries of SiO2 are very similar to those of the SiO

adsorption and if the O atom dangling on the surface were to be removed from the

system, these structures would resemble that of SiO adsorbed on Si surface [13].

These configurations may be compared to the case where a SiO molecule is first

adsorbed on the Si surface and consequently an incident atomic O is then adsorbed

on top of the Si atom of the adsorbed SiO. In the three configurations mentioned

above, the adsorption of the molecular SiO2 on the Si surface is energetically

more favourable than the comparable SiO adsorption, with an average ene1rgy

difference of 1.52 eV. This means that an addition of an O atom on a SiO modified

surface, particularly on the Si-end of the adsorbed SiO molecule on Si surface, is

energetically favourable.

Configuration B6 (Eads=-4.27eV) is also an example where SiO and O molecules

may be co-adsorbed on the surface. The binding site of O atom bonded on top of

the front Si surface dimer atom (first row into the page) is similar to the adsorbed

structure described by Hoshino [46] where the stabilization energy was calculated

to be -3.64 eV. On the other hand, the remaining SiO fragment bonded on the

back Si surface dimer atoms is similar to the on-dimer structure previously cal-

culated [13] with adsorption energy of -2.15 eV. In this case, we can deduce that

an energy of 1.64 eV is needed to dissociate the SiO2 molecule into SiO and O

fragments.

4.4 Conclusion

We have systematically investigated the adsorption mechanism for SiO2 molecules

on a p(2×2) reconstructed surface. We have identified the various stable binding

sites. We have found that the SiO2 molecules are adsorbed readily on the surface

at the surface dimer bonds. The most stable adsorption geometries are those

where both O atoms of the molecular SiO2 are bonded on the Si surface atoms of
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the same dimer pair, and form a bridging configuration on top of the Si surface

dimer pair. The vibrational frequencies of the SiO are substantially red-shifted

and shifted in accordance with the expected trend where most strongly bonded

configurations are shifted the most.



CHAPTER5

Coadsorption of O2 and SiO on a Si(100) surface

The oxidation of silicon surfaces, through adsorption of atomic and molecular

oxygen on the Si surface, has been a subject of numerous studies. It is interesting

to examine a case where a molecular oxygen impinges on the Si surface simulta-

neously with another species relevant to the SiOx growth, such as the molecular

SiO. In this chapter, we attempt to elucidate the mechanism of O2 and SiO coad-

sorption on Si surface.

5.1 Introduction

The molecular and atomic oxygen ions, as well as the silicon monoxide molecule

emerge as the dominant molecular species (in terms of the ion fluxes measured)

during rf magnetron sputtering deposition of silicon suboxides on a Si substrate

[22]. It is well established that a Si surface exposed to oxygen readily oxidizes

51
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[27]. Substantial efforts have been devoted to studying the oxidation process,

both the adsorption and the consequent dissociation of O2, of Si surface alone

[19, 20, 24, 27, 34, 46].

In terms of the energies of adsorption, molecular and atomic oxygen sticks

to the Si surface readily and strongly with up to 6.00 eV of adsorption energy

[27]. Although the dissociation of O2 requires an energy of roughly 2.50 eV to

proceed [46], this energy requirement can be easily satisfied from the released

adsorption energy or from an ongoing adsorption process. We have found in our

previous study [13] that SiO is chemisorbed on the Si surface with negligible

activation barrier and with an adsorption energy of up to 2.50 eV. Judging from

the energetics, O2 evidently sticks better than SiO on the Si surface. So what

happens when SiO and O2 arrive simultaneously on the Si surface? How will

the adsorption of O2 change when another molecule, in this case SiO, is also

interacting with the same surface atoms? In the bonding competition of O2 and

SiO on the Si surface, which one wins? In this chapter, we address the preceding

questions using DFT-based atomistic simulations.

5.2 Computational Details

In this work, we utilized two unit cells, a 1×1 and a 2×1 unit cell for our Si(100)

model surfaces, with 28 and 56 atoms, respectively. The properties of these model

surfaces have been described previously in Chapters 3 and 4, the latter is just twice

the surface (slab) attached side by side. Here, we placed an oxygen molecule

simultaneously with SiO on various sites on the Si(100) surface at some chosen

SiO-O2 distance. Except for the H-passivated Si bottom layers, we allow the

whole system to undergo full atomic relaxation for all calculations. In the case

of SiO precovered Si surface, we took the stable SiO adsorbed geometries from

Chapter 3 and we proceed by adding additional O2 molecule for each of these

configurations.

The total energy calculations were performed within the plane-wave pseudopo-

tential DFT-based methods as implemented in the Quantum-Espresso suite of

programs [12]. The gradient-corrected exchange correlation functional generated

by Perdew-Wang [8] is employed, along with ultrasoft pseudopotentials [28] to

represent electron-ion interactions. Wave functions are expanded in plane waves
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up to a kinetic energy cut-off of 400 eV and a Gaussian smearing function [32] of

width 0.01 eV is applied to the electronic occupancies. Energy differences are con-

verged to within 0.01 eV using different variables with these chosen parameters.

We have used a 3×3×1 k-points mesh [31] for the Brillouin zone integration.

The adsorption energy of molecular oxygen is calculated in the same way as

that of SiO, as in Eq. 3.1. The binding energy of O2 on SiO covered surface is

calculated using the equation [47]

EO2/SiO+surface = Etotal
O2+SiO/surface −

(
Etotal

SiO/surface + Efree
O2

)
, (5.1)

where the Etotal
O2+SiO/surface, E

total
SiO/surface and Efree

O2
are the total energy of the O2

and SiO coadsorbed geometry, the total energy of the SiO-precovered surface and

the energy of the isolated molecular oxygen, respectively. While the effect of coad-

sorption (also known as the interaction energy between two adsorbed molecules)

on the binding energy is calculated by

4E = Etotal
O2+SiO/surface − E

total
SiO/surface − E

total
O2/surface

+ Esurface, (5.2)

where Etotal
O2/surface

and Esurface are the total energy of O2 adsorbed on the Si sur-

face and the clean H-passivated Si (100) surface, respectively. By the definitions

described in Eqs. 5.1 and 5.2, a negative value corresponds to attractive interac-

tion.

5.3 Results and Discussion

The adsorption energies of individual SiO adsorbed on pristine Si(100) surface

are reported in Chapter 3. After an extensive search for the most energetically

favourable structures, we calculated adsorption energies ranging from -0.26 to

-2.49 eV [13].

For O2 adsorption on the Si(100) surface, we mainly consider probable path-

ways that are centered around the Si surface dimer atoms. We find adsorption

energies, for the 2 cases we considered here to be -1.35 and -3.76 eV, for O2 with

bonds oriented perpendicular and parallel to the plane of Si surface, respectively.

Refer to Figure 5.1 for the schematics of O2 orientation on the Si surface. In
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Figure 5.1: O2 with bond length oriented perpendicular and parallel to the
plane of Si(100) surface (left and right figure, respectively).

Figure 5.1 (left figure), O2 is oriented perpendicular to the plane of the Si sur-

face, while in the figure on the right, O2 is oriented parallel to the plane of the

Si surface. These two configurations are similar to the final structures studied in

Ref. [34]. In all cases examined here, we considered the O2 lowest singlet state

which is an excited state of O2. The SiO and O2 coverages used here are 0.25

monolayer (ML) each, amounting to 0.50 ML total coverage in the coadsorption

case, for the simultaneous coadsorption, and 0.50 ML each for SiO-precovered Si

surface 1.

5.3.1 Coadsorption of SiO and O2 on Si

In this section we examine the coadsorption mechanism of SiO and O2 simulta-

neously adsorbed on the surface. Here we limit our study to cases where both

bond lengths of SiO and O2 are oriented parallel to the plane of the Si surface

since these are expected to have the largest mutual influence on each other and

also the largest adsorption energy. First, we start with 1.76 Å distance between

SiO-O2, and with we prepared 8 various configurations where the SiO-O2 tandem

are placed at various points on the surface. The initial SiO-O2 distance is kept

the same, as well as the SiO-O2 orientation (bond lengths parallel to each other

as well as perpendicular to the surface). Similarly, the initial distance of the SiO

and O2 tandem from the surface is set to 1.50 Å.

Of the 8 starting configurations that underwent full atomic relaxation, we find

3 stable geometries with coadsorption energies of -6.52, -11.05 and -11.42 eV and

1A monolayer is a single atomic layer, and in our specific model in this section, there are 4 Si
atoms in each layer in the supercell. A 0.25 ML coverage means that an equivalent of a quarter
(or 25%) of the Si surface atoms are covered.
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for easy reference, we shall refer to them as C1, C2 and C3, respectively. Refer

to the results in Figure 5.2. Configuration C1 is a case where only 2 of the 4

adsorbate atoms (SiO and O2) are directly bonded to the Si surface atoms. In C2

and C3, 3 of the 4 adsorbate atoms are bonded directly to the Si surface atoms.

Inferring from the results, we can approximate that the adsorption energy of an

individual atomic oxygen on the Si surface, with an already adsorbed molecular

SiO2 in this configuration, is around 5.00 eV.

It is interesting to note that only the Si atom of the SiO adsorbate molecule

does not, in all cases studied, bond directly to any of the Si surface atoms. This

goes to show that when O adsorbate atom is in close proximity with the Si ad-

sorbate atom, there is a competition between the Si and O adsorbate atoms for

bonding with a surface atom and the resulting mechanism always favors the O

atoms to be bonded directly to the Si surface atoms.

5.3.2 Interaction of SiO and O2 on Si as a function of dis-

tance

In this section we examine how the stability of adsorbed structures, as can be

inferred from the energy of coadsorption, is influenced by the distance between

the adsorbates. For this purpose, we start with the initial configuration C2, the

second most energetically favourable geometry found in the preceding section (see

Figure 5.2 middle figure). The SiO and O2 molecules are initially placed at 1.67

Å distance from each other with their bond lengths oriented parallel to the plane

of Si surface. The distance of the SiO and O2 is then varied, by moving O2 at

interval of 0.53 Å away from the SiO molecule along the the surface (the black

arrow in Figure 5.3 indicates the direction of movement). The initial height of

the adsorbate atoms from the Si surface plane is kept constant for each step.

The molecule O2 was moved along the plane of the surface parallel to the SiO

orientation a total of 23 times until O2 reaches the edge of the periodic cell. The

system is then allowed to atomically relaxed, and the energy of coadsorption is

then calculated at each point. We then examined the energies of coadsorption of

the relaxed configurations (for each SiO-O2 distance) and plotted these energies

against the SiO-O2 distance. Refer to Figure 5.4 for the plot of the energies of

coadsorption versus the SiO-O2 distance.
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Figure 5.2: Stable SiO-O2 coadsorbed structures on the Si surface. The
values within the parentheses are the coadsorption energy and
are in eV.



5.3 Results and Discussion 57

Figure 5.3: Initial geometry of configuration C3, SiO-O2 coadsorption Si sur-
face. To study the strength of interaction of SiO-O2 with the Si
surface as a function SiO-O2 separation, O2 was moved an inter-
val of 0.53 Å away from SiO. At each step, the system undergoes
force relaxation and the energy of the relaxed geometry is calcu-
lated.

At the start of the calculation, when SiO and O2 are at a distance of 1.67 Å

apart, the relaxed coadsorbed structure is that of configuration C2, with coad-

sorption energy of -11.05 eV. When O2 is moved the first time by 0.53 Å, the

coadsorption energy decreases to around 8.00 eV. A second step, now with O2

and SiO at 2.73 Å away from each other, we find that the coadsorption energy

lowers to around -10.50 eV. At third step, we find that the coadsorbed structure

is similar to configuration C1 of Figure 5.2 (topmost figure). For the next series of

steps we find coadsorption energies centered around 5.00 eV, which can be decom-

posed into a) SiO adsorbed on Si with adsorption energy of -2.22 eV, configuration

A6 in Chapter 3) and b) O2 adsorbed on Si, which would roughly have 2.80 eV

adsorption energy. This behavior stays more or less the same until the O2 reaches

the edge of the periodic supercell where a similar SiO of the adjacent cell is in

close proximity with O2 and then in that case a strong SiO-O2 coadsorption is

then observed (around -10.00 eV). We can approximate from the results derived

here that in cases where there is a strong and simultaneous interaction of SiO

and O2 on the Si surface, the energy gain is (10.00 strong -5.00 eV weak) 5.00

eV. Indeed the simultaneous interaction of SiO and O2 on Si is highly favourable,

and the energetics indicates that this simultaneous interaction is preferred over

individual SiO or O2 adsorption on Si surface.
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Figure 5.4: The coadsorption energy of SiO and O2 as a function of SiO-O2

distance on the Si surface.

5.3.3 O2 adsorption on SiO-precovered surface

Starting from the adsorbed geometries of SiO on the Si surface presented in Chap-

ter 3, we examined how the adsorption of an oxygen molecule is affected by this

pre-existing SiO on Si. The O2 and SiO coverages are equivalent to 0.25 ML each,

amounting to 0.50 ML for both adsorbates. We considered two configurations for

O2 on Si surface: a) O2 inserted between dimer atom pairs, with its bond length

oriented perpendicular to the Si surface plane; and b) O2 adsorbed on top of Si

surface dimer pair with its bond parallel to the Si surface plane. O2 adsorbed on

Si configurations in a) and b) have adsorption energies of -1.35 eV and -3.76 eV,

respectively. Table 5.1 shows the results. The adsorption energy of O2 on the

SiO-precovered Si(100) surface changes due to the interaction between the two

adsorbates. The extent of this interaction is discussed shortly.

O2 with bond oriented perpendicular to Si surface plane

We find that for O⊥2 adsorbed on top of the Si surface dimer atoms, as shown

in Figure 5.4 (left figure) the adsorption energy is -1.35 eV. When O2 is then

adsorbed on the SiO-covered surface, the adsorption energy of O2 yielded values

in the range of -2.27 to -7.72 eV (which is equivalent to a decrease of 0.92 to
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Config. -E
‖ (a)
O2+SiO/s -E

‖
O2/SiO+s -4E‖O2

-E
⊥ (a)
O2+SiO/s -E⊥O2/SiO+s -4E⊥O2

A0 2.79 2.50 1.18 3.96 3.67 -0.08
A1 4.03 3.58 2.21 4.15 3.69 0.10
A2 2.78 2.27 0.48 4.72 4.21 0.67

A2−2 8.79 7.72 6.35 4.80 3.73 0.76
A3 4.81 3.72 2.48 3.76 2.67 -0.29
A4 5.13 3.66 2.35 8.59 7.12 4.54
A5 8.50 6.26 5.24 5.89 3.65 1.84
A6 8.40 6.14 4.83 4.97 2.71 0.92
A7 6.16 3.94 2.66 6.16 3.94 2.11
A8 7.86 3.81 4.02 9.49 6.89 5.44

Table 5.1: The coadsorption energies of SiO and O2 on Si surface. The values
are in eV. The coadsorption energies are calculated according to
Eqs. 5.1 and 5.2.

6.37 eV in adsorption energy). The most stable structure of SiO on Si is A8 that

originally had an adsorption energy of -2.49 eV [13]. However, when an oxygen

molecule is adsorbed at the adjacent Si surface atom along the same dimer row,

the most stable structure is then A6 followed by configuration A5. In both cases,

two O atoms share one Si surface dimer atom.

O2 with bond oriented parallel to Si surface plane

In the case where the O2 is placed on top of Si surface dimer pair, with its

bond length oriented parallel to the plane of the Si surface, we find the same

trend as in the case above: the adsorption energy of molecular oxygen on SiO-

precovered surface is larger. An O2 molecule adsorbed in this configuration on a

clean Si surface is exothermic by -3.76 eV. On the SiO-precovered Si surface, the

adsorption energy of O2 yielded values ranging from -3.96 to -9.49 eV (equivalent

to a difference of 0.20 to 5.62 eV decrease in the adsorption energy). The A4

configuration with adsorbed O2 is the most stable structure found here, and is

characterized by the absence of dimer buckling bond on the surface (i.e., flat

surface) and with one Si and one O atom sharing bond with one Si-surface atom.
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Figure 5.5: Stable adsorption geometries of O2 on SiO-precovered Si surface
(with its bond parallel to the plane of Si surface). The values in
between parenthesis are the binding energy of O2 on Si surface
and are in eV. The adsorption of O2 on clean Si surface in this
configuration is -1.35 eV.
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5.4 Conclusion

We have studied the coadsorption mechanism of molecular oxygen and SiO on

the Si(100) surface, in cases where (1) both are coadsorbed simultaneously; and

(2) when O2 adsorbed on a surface already covered with SiO molecule.

We found that a SiO-precovered Si surface further promotes the adsorption

of an incoming O2, and that this process is highly exothermic. The coadsorption

model is chosen to be confined only on the same dimer row with 2 Si dimer pairs

along this row and a surface coverage of 0.5 ML since this is expected to show the

largest coadsorption effect of all configurations. The enhancement of adsorption

energy of SiO covered surface is greatest when two adsorbate atoms (Si and O or

2 O atoms) share a Si surface atom to bond with.





CHAPTER6

Argon at the Si/SiO2 interface

In rf plasma deposition of silicon suboxides on silicon substrate, argon ions are

present in the plasma. Inevitably, these argon ions find their way into the grown

thin films and they remain there. In this chapter, a theoretical investigation of

the energetics of argon incorporated in the grown thin film, specifically those argon

atoms embedded at the interface of silicon and its oxide, was performed. Further-

more, the local binding configuration of Ar along the Si/SiO2 model interfaces are

investigated.

6.1 Introduction

The continued miniaturization of electronic devices drives the semiconductor in-

dustry to find various ways to optimize material content and ultimately design

devices with tailored functionality. At the heart of this goal is the drive to fur-
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ther reduce the size of the SiO2 insulating regions grown on (or sandwiched in

between) silicon material [16]. Detailed understanding of the Si/SiO2 interface at

the microscopic level is therefore essential. Obtaining a complete picture requires

understanding the mechanism during growth processes in which various factors

can come into play, such as structural defects and the introduction of ”foreign”

atoms into the Si/SiO2 interface. As a specific example, in rf plasma deposition

of SiOx on Si, argon atoms from the plasma are found to be incorporated into the

grown film.

Argon is a noble gas element and has filled sp shells rendering them chemically

inert. Due to this, they are widely used in semiconductor processing technology,

e.g., in the processing of silicon as low energy ions (plasma) used to sputter poly-

crystalline silicon target as a first step to grow thin films using the rf magnetron

sputtering deposition technique. The incorporation of Ar in the semiconductor

thin film may be rather surprising, owing to the fact that the neutral Ar atom

is not chemically active, however, investigating its presence and influence on the

material has practical and fundamental importance.

In this work, we aim at providing an insight into the mechanisms involved

when Ar atoms are present in the interface of Si/SiO2 material. Specifically, we

want to investigate, using DFT-based atomistic simulations, how the presence

of argon atoms in the material affects its structural properties (which could also

influence its functionality).

The creation of Si/SiO2 interface models is non-trivial and for the last couple

of decades, a number of studies have been devoted to generating good and realistic

Si/SiO2 interface models [14, 42, 48–50] and this will be the starting point of this

work.

6.2 Computational Details

A good theoretical understanding of the mechanism of argon incorporation in the

Si/SiO2 interface starts with the generation and characterization of the Si/SiO2

model interface that has properties that are of qualitative agreement with the one

found in experiments [51, 52]. A few well-established Si/SiO2 interface models

exist in literature [14, 42, 48–50].

Here, a Si-SiO2 interface model is constructed using a supercell with dimen-
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sions 7.7×7.7×30.7 Å. The base dimension of the supercell is based on the equi-

librium lattice constant of bulk silicon. The supercell contains 12 layers of silicon

(≈ 16 Å) and 7 monolayers (ML) of SiO2 (≈ 13 Å) molecular units. The interface

models introduced here are similar to the work of Giustino et al. [53] where a

silicon substrate is attached to a pseudomorphically similar slab of β-cristoballite

silica (SiO2). There is a lattice parameter mismatch of 7% of the two constituent

crystals. The attachment of the β-cristoballite to crystalline Si(100), which has a

diamond structure, results in a structure where the interface is abrupt, and where

only half of the Si surface atoms are fully saturated. This leaves the other half, in

this case 2 Si atoms, with two dangling bonds each. The bond density mismatch

between Si and SiO2 was fixed by introducing oxygen bridges at the Si interface

atoms which makes sure that all dangling bonds at the interface are saturated

[48].

Refer to Figures 6.1 and 6.2 for the Si/SiO2 interface models I and II that

were constructed. These models were generated by eliminating oxygen atoms at

the interface that links the oxide to the silicon substrate. In model I, an oxygen

atom is removed from the 2 Si atoms, which were originally coordinated with 4

O atoms - the SiO4 unit, of the lowermost SiO2 molecular layer attached to Si.

While in model II, 2 oxygen atoms where eliminated from the SiO4 unit of the

bottom SiO2 layer. Oxygen atoms are then placed as bridges on the topmost

Si layer of the crystalline bulk. The resulting structure would then have three

intermediate Si oxidation states, namely, (Si1+, Si2+ and Si3+) at the interface.

Si-Si bonds are consequently formed between the Si substrate atoms and the

Si atoms of the attached SiO2 slab, and these bonds point toward the oxide

region. The models are carefully chosen such that the silicon at the interface would

have intermediate oxidation properties in accordance to what has been found in

photoemission experiments [51, 52]. Electrical measurements also detected that

there is only one interface state in the silicon gap found for every 104 interface

atoms, which suggests that the interface consists of a high-quality bond network.

So in view of these facts, the Si/SiO2 we generated here a) have all its bonds

saturated, and b) have 3 intermediate oxidation states in comparable amounts.

The interface models are then fully relaxed using DFT-based methods, with

all atoms in the oxide region allowed to relax, as well as the first 6 layers of Si

atoms nearest to the oxide slab. The electronic states were expanded using plane
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waves and a plane wave cut-off of 612 eV and augmented electron density cut-

off of 2449 eV was used in order to achieve good convergence in the electronic

properties. Si and Ar atoms are described using norm-conserving pseudopotentials

[54], while the oxygen atoms are described using ultrasoft pseudopotentials [28].

The generalized gradient approximation with Perdew-Burke-Ernzerhof (PBE) [9]

flavour was employed for the exchange-correlation functionals. For computational

efficiency, the Brillouin zone of the supercell is sampled at the gamma-point only.

In the experimental work done by van Hattum et al. [17], they have investi-

gated the incorporation of Ar atoms into the SiOx material with various x value

(0≤ x ≤2). The concentration of incorporated argon increases slightly with x

value (from 4% at x=0.1 to an optimal value ( 5% at x=0.3) and then decreases

steadily to 2% at x=1.8. As the x value approaches to 2 (stoichiometric dioxide),

argon atoms are almost non-existent in the film. Furthermore, they also observed

that for a certain grown film with varying stoichiometric property (SiO2 on Si sub-

strate, with varying x value in between), they measured an increase in Ar atom

concentration in the film as one goes from the film surface (SiO2-rich) towards

the interface (x value close to 0). In addition, at a given constant experimental

conditions (partial pressure and power), by varying the substrate temperature,

the resulting x-value of the deposited films varies: the x-value decreases with in-

creasing temperature. An increase in the substrate temperature, for example from

100 ◦C to 300 ◦C result to an increase in argon concentration in the film by almost

1% (in this case, from 4 to 5%). This increase in the substrate temperature also

results to a change of x-value (here by 0.3). We can therefore say that there are

two parameters of variation that can influence the amount of argon deposited into

the thin films, and they are 1) the x-value which is the main varying parameter

2) the second variation caused by varying the substrate temperature [55].

Equipped with the knowledge of these experimental results, we designed a sim-

ulation set up to theoretically examine the local bind configuration of the Si/SiO2

where an Argon atom is introduced at a certain point at the interface. To this

end, we chose 10 various points in the supercell of the relaxed Si/SiO2 interface

as to which Ar atoms are initially placed. The points considered are found in

three different regions in the interface, namely, i) in the full SiO2 region, ii) in

the suboxide region and iii) in the Si bulk region. This means 10 different initial

configurations were utilized as starting points of the calculation to investigate the
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stable configuration of Ar along the interface. The whole system, i.e., Si/SiO2

interface model with an Ar atom embedded at some chosen location, is then al-

lowed to relax until the Hellmann-Feynmann force criterion is satisfied (within

0.03 eV/Å).

6.3 Results and Discussion

6.3.1 The Si/SiO2 interface

Figures 6.1 and 6.2, models I and II, respectively, are the fully relaxed Si/SiO2

interface structures obtained in this work. In model I, the three intermediate

oxidation states of Si, i.e., Si1+, Si2+, Si3+, are represented in equal amounts

and are concentrated within 1.5 monolayers (ML) at the interface, amounting to

approximately 3Å of the interface suboxide composite. Model I agrees well with

the core-level photoelectron spectroscopy (CLPES) experiments [56] in terms of

its relative intensities and the number of partial oxidation states. Model II is a

slight deviation of model I, where only two of the three intermediate oxidation

states are present, namely, Si1+ and Si2+ (in practice, by further removing one

oxygen atom from the Si3+ in model I). The suboxide region of model II contains

1 ML of Si1+ and 0.5 ML of Si2+ extending to a little over 3 Å at the interface.

Models I and II have a stoichiometry of SiO1.0 and SiO0.7, respectively. Although

model II does not necessarily correspond with the CLPES results, it is constructed

here for the purposes of comparison with model I.

6.3.2 The Si/SiO2 interface suboxide region

The geometrical properties, namely bond lengths and bond angles, of the associ-

ated partially oxidized Si atoms of the relaxed interface are summarized in Table

6.1, where the results of the work by Pasquarello et al. (indicated as Ref. [57])

are also shown. For the Si-O and Si-Si bond lengths, our results find consistently

larger bond lengths compared to their work, with up to 10% difference. This dis-

crepancy can be explained based on the different exchange-correlation functionals

used in both studies. Their work employed local density approximation (LDA) in

the formalism of Perdew-Zunger’s interpolation formula [8] while here we used the

more accurate generalized gradient approximation (GGA) in the PBE formalism.
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Figure 6.1: Si/SiO2-interface
Model I.

Figure 6.2: Si/SiO2-interface
Model II.

LDA is known to overestimate binding or cohesion energies, resulting to smaller

bond lengths.

As a reference, the experimental values of the Si-O bond length, Si-O-Si and

O-Si-O bond angles for the amorphous oxide at the Si-SiO2 interface are 1.61 Å,

147-151 degrees, and 109 degrees, respectively [58, 59]. We observe that the Si-O

bond lengths measured at the interface have preference for slighter larger values

than that of typical oxide, such that both models I and II have Si-O bond lengths

up to 1.73 Å, which has up to 4% difference compared with the experimental value.

The elongation of the Si-O bonds at the interface, although usually attributed to

the reduced ionic charge on the silicon atoms, may also be a consequence of the

introduction of bridging oxygen atoms as a configuration method proposed in

Ref. [48], at the Si-side of the interface [57]. The Si-Si bond lengths, also found

here for Si with partial oxidation states, here the Si-Si bonds pointing into the

oxide, are significantly larger than found in bulk, and this indicates deformation

in the local binding configuration [42].

The two Si-O-Si bond angles related to partially oxidized silicon atoms at the

interface are calculated to be 143 and 153 degrees, which is only 2% different

compared to the experimental values for amorphous oxide at the interface. The
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Ref. [57] Model I % diff. Model II % diff.

Si-O (1) 1.71 1.71 0 1.70 0
O-Si (2) 1.68 1.73 3 1.73 3
Si-Si(3) 2.38 2.64 10 2.67 12
Si-O (4) 1.65 1.69 2 1.67 1
O-Si (5) 1.67 1.70 2 1.68 1

∠ Si-O-Si(6) 135 143 6 140 4
∠ O-Si-Si(7) 120 119 1 120 0
∠ Si-Si-O(8) 113 100 12 101 12
∠ Si-O-Si(9) 144 153 6 150 4

Table 6.1: Bond lengths (in Å) and bond angles (in degrees) of models I and
II Si/SiO2 interfaces, as shown in Figure 6.3.

Figure 6.3: Details of the Si/SiO2 interface region with intermediate oxida-
tion states. The bond lengths and bond angles are reported in
Table 6.1.

slight widening of the Si-O-Si angles manifests the presence of local strain condi-

tions [42]. The bond angles on the Si atom at the interface, here measured to be

119 and 100 degrees, have difference of less than 5% compared with that of the

experimental values for oxide at the interface.

In general, we observe that the geometrical properties of the suboxide region,

are up to some degree, structurally identical to the amorphous oxide at the Si/SiO2

interface. We also observe that these strained properties are only local or confined

to the interface with intermediate Si oxidation states, and does not extend towards

the full oxide region.

6.3.3 Argon incorporation at the Si/SiO2 interface

We start with 10 initial configurations where in each configuration an Ar atom is

strategically placed in various points the Si/SiO2 interface region. Of the 10 start-
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Figure 6.4: Relaxed configurations for Ar incorporated into the Si/SiO2 in-
terface. Details of the structural properties are found in Table
6.2. Configuration C2 is sandwiched between C1 (left figure) and
C3 (right figure). White spheres are argon atoms.

Config. in Si/SiO2 interface only Si layer only SiO2 layer

C1 5.57 3.13 8.88
C2 0.56 0.46 5.90
C3 4.60 0.21 5.32

Table 6.2: Comparison of the energy differences, in eV, for argon incorpo-
ration in bulk Si or bulk SiO2 and in Si/SiO2 systems of Model
I Si/SiO2 interface. The energy values shown above are positive,
indicating endothermic processes involved.

ing configurations, we find three energetically unique and relaxed configurations

where the argon atoms found a location in the interface where the forces acting

on it vanished. Refer to Figure 6.4 for the three relaxed structures found here.

The energy difference between the energy of the relaxed complex (Si/SiO2 inter-

face with embedded Ar) and the sum of the energies of the isolated Ar atom and

the Si/SiO2 interface are reported in Table 6.2. Based on the energetics we have

calculated, we find that this process is endothermic (0.56 to 5.57 eV). This result

can be understood as that: within the limits of the interface model we utilized

here and at 0K, the presence of Ar in the interface is energetically unfavourable.

In configuration C1, the Argon atom is initially within close proximity to the

upper 3 Si atoms of the Si bulk-like region (with an average Si-Ar distance of 2.05

Å). After relaxation, Ar atoms moves from its initial position to an area towards

in the slab where there is no atom present. We calculate an Ar-Si distance of
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Model I C1 C2 C3

Full SiO2 layer 2:
Si-O 1.64 1.64 1.64 1.64

∠ O-Si-O 109 109 110 109

layer 1:
Si-O 1.65 1.65 1.65 1.65

∠ O-Si-O 109 109 110 109

∠ Si-O-Si 167 165 167 167

Suboxide Si-O 1.69 1.69 1.69 1.69
Si-Si 2.55 2.56 2.60 2.54

∠ Si-O-Si 145 143 144 151
∠ on Si 113 113 113 113

Si bulk Si-Si (layer 1) 2.37 2.37 2.37 3.03
Si-Si (layer 2) 2.36 2.37 2.36 2.69
Si-Si (layer 3) 2.37 2.44 2.36 2.38

Table 6.3: The structural properties of the Si/SiO2 interface models before
(as in model I) and after argon incorporation (configurations C1,
C2 and C3). Shown here are the average Si-O bond lengths, Si-
O-Si and O-Si-O bond angles. Bond lengths are in Å while bond
angles are in degrees. Layer number n indicates the atomic layer
from the the suboxide region.

4.66 Å for the relaxed C1 structure. A number of starting configuration where

Ar is embedded in the vicinity of in the interface with intermediate oxidations,

eventually relaxed to a configuration where Ar migrated to a vacant space in SiO2

layer, as in configuration C2. Similarly, an Ar atom embedded at a more dense

region of the full dioxide region (e.g., near an Si or O atom of interest), also

eventually seeks a location with in that region where it is atomically least dense,

and this results in a relaxed structure similar to C2.

The third relaxed configuration is rather interesting, as we find an argon atom

that is incorporated exactly at interface region (around Si1+ and Si2+ and just

below Si3+), this is a bit surprising considering that the interface region is the

most dense compared to the rest of the supercell owing to the presence of oxygen

bridges. Inspection of the structural properties of C3 around the interface where

Ar is embedded, we find that the Si-Si bond length in that region elongated to

more than twice its original value (i.e., from 2.38 Å to 5.22 Å), and also at least
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a 6-degree increase in the Si-O-Si bond angle in that region. The increase of the

bond angle and bond lengths (essentially a Si-Si bond is broken) in that region

accommodates the presence of an Ar atom. Or the other way around: the presence

of Ar in that specific region pushes atoms apart or break the bonds of these atoms.

In Table 6.3 we summarized the details of the geometrical properties of the model

systems studied here classified layer by layer according to a specific and relevant

region in the model interface.

We also compared the energy differences in cases where an Ar atom is incorpo-

rated in either Si layers only or in SiO2 layers only. Refer to the last two columns

of Table 6.2. The calculated energy differences are found to be consistently lower

when an argon atom is embedded in Si-slab only than when it is incorporated

in a SiO2 only material in the supercell. This indicates that argon atoms would

prefer to stay in the Si layer compared to the SiO2 rich layer, an observation

which is consistent with the trend in the experiment that the argon concentration

decreases as x-value approaches zero.

In our calculations, we inferred the presence of argon atom in any of the region

of Si/SiO2 interface is highly improbable, since this is highly endothermic process.

Theoretically this means that Ar atoms could not possibly be found in the grown

films, an observation which does not agree with the experiment. However, we also

note that our calculations are carried out at 0K temperature and static conditions,

and the experimental results were derived at room temperature (at least) and at

highly dynamic conditions. This discrepancy may be reconciled when simulations

are carried out at realistic temperatures. Our work presented here would serve as

a benchmark or starting point for further calculations in the future.

6.4 Conclusion

SiO2 model interfaces are realized by attaching a β-cristoballite (SiO2) to a slab

of crystalline Si(100). Various oxidation sites, and stable geometrical structures

were obtained. An argon atom placed at different points along the interface

structure, as expected, does not bind to either Si or O atoms at the interface.

Force relaxation of various interface slabs with Ar indicate that Ar rigorously

finds a path where there is no atoms present in its pathway (or equivalently, the

space in the supercell where electron densities are absent). As such we find that
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Ar atom does not necessarily and selectively go to the less denser SiO2 and the

interface region (compared with crystalline Si) but finds a position of least atom

coordination. Energetically, we find that Ar would favor to stay in the Si region

than in the SiO2, an observation which is in agreement with the experimental

results where the amount of Ar in grown film decreases with increasing x-value.

Studies of the effect of the substrate temperature on the ability of the grown films

to retain Ar atoms would be an interesting extension of this work.





CHAPTER7

The Dominant Ionization Processes

in a RF Reactive Magnetron Plasma

In rf reactive magnetron plasma deposition of silicon sub-oxides (SiOx, with x < 2)

a large flux of SiO+ is observed in the plane of deposition. The ionization of the

SiO molecule is therefore an interesting process to understand, since the large flux

could either be a consequence of a large ionization cross section or a large flux

of SiO molecules towards the deposition surface. In this chapter, we investigate

two possible ionization mechanisms of SiO: the photoionization and the electron

impact ionization of SiO. We determine the absolute cross sections for the two

ionization processes based on a first principle approach. By using the Binary-

Encounter-Bethe method, we calculated the total electron impact cross section to

have a maximum of 4 × 10−16 cm2. The electron impact cross section are found

to be small at energies close to the ionization potential of SiO, a general pattern

75
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observed in other small molecules. The photoionization cross section from the

X1Σ+ electronic ground state of SiO is calculated using the so-called Schwinger

variational method with frozen-core Hartree-Fock photoelectron continuum wave-

functions. The cross section is close to thresshold about 11.5× 10−18 cm2, which

is a relatively ”normal” sized cross section typical for small diatomic molecules.

With additional future ionization studies of other relevant sputtered atomic or

molecular species, combined with modeling of the plasma composition it will be

possible to obtain a complete picture of the various ionization processes involved

and their relative contribution to the total ionization signal.

7.1 Introduction

The ionization of atomic silicon and its oxides is of great interest in studies of

plasma for processing semiconductors, surface science research, circumstellar plas-

mas and the photosphere of the sun [60, 61]. For instance, in the growth of silicon

sub-oxides (SiOx) film using reactive magnetron sputter deposition an under-

standing is still lacking for the unexpectedly large SiO+ flux impinging on the

deposition surface [55]. In the typical rf reactive magnetron sputter deposition

of silicon sub-oxides the plasma consists of a large basis pressure (flow) of argon

and a smaller amount of oxygen. Typical ratios of the flux is ∼1:50 (O2:Ar)

and at this ratio the dominant ionic species measured at the deposition surface

is Ar+, O+
2 , O+, Si+ and SiO+. The observed flux of SiO+ ions is larger than

the corresponding Si+, O+ and O+
2 fluxes, respectively, arriving at the deposition

surface at lower oxygen partial pressures [55]. This is certainly surprising, since

the ionization potential (IP) of SiO is rather high, with an IP of 11.43 [62] and

only a few species present in the plasma are energetically able to ionization SiO,

but it could be a consequence of a much larger ionization cross section for SiO

compared to the other species present in the plasma volume.

The apparently relatively simple rf Ar/O2 magnetron plasma, with a pure Si

target for the deposition of silicon sub-oxides of Ref. [55] contains many ionized

species in the so-called afterglow region (the plasma part closest to the deposi-

tion surface). Due to the plasma potential barrier we can expect, that most of

the measured ions measured in the plane of the deposition surface (with a mass

spectrometer) are ionized in the afterglow region. The observed ionic fluxes are
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therefore a result of the plasma chemistry in the afterglow region.

Various ionization processes can take place in the plasma (afterglow) region:

A+ + B → A + B+ (charge exchange reaction) (7.1)

A∗ + B → A + B+ + e (Penning ionization) (7.2)

A∗ + B → AB+ + e (associative ionization) (7.3)

e + A → A+ + 2e (electron impact ionization) (7.4)

hν + A → A+ + e (photoionization) (7.5)

where A and B in principle can be any combination of the species present in the

afterglow region. The energetic constraints on the processes (such as ionization

potentials, among others) and the estimated concentrations (flows) of the various

species make the number of combinations manageable although most of the cross

sections are not yet known. The most likely reactions involve an argon atom (or

argon ion) due to the high concentration, high ionization potential (IP=15.7596

eV [63]) and the presence of various excited metastable states in argon (e.g., the

J=0, 2 states of the np5(n+1)s configuration [63]). These metastable states, with

a lifetime in free space of more than a second, are the major contributors to the

Penning ionization channel. The ”normal” excited states of argon, that are en-

ergetically close to the abovementioned metastable states, are through radiative

decay the primary source of photons. These photons are the cause of the char-

acteristic color of an argon plasma glow but also the sole source of photons for

the photoionization process, since none of the other plasma species have excited

states much above the IP of SiO.

In this work, we will investigate, using first principle methods, the two pos-

sible ionization mechanisms of SiO, namely the photoionization and the electron

impact ionization cross sections, since these processes together with the Penning

ionization are expected to be the major contributors to the SiO+ ion flux. We

will concentrate on these processes, since the Penning ionization, in the theoretical

approach [64, 65] mostly used, scales overall with the geometric cross section of

the species involved. The Penning ionization cross section of SiO is therefore not

expected to be largely different from other species in the plasma.
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7.2 Methodology

Since we intend to calculate the cross sections from first principles, we need to

determine the electronic wave function of the molecular states involved. For this

purpose we have utilized the PCGAMESS [66, 67] ab-initio program suite to

calculate the bound electronic states of SiO. In order to describe the diffuse part

(outer part) of the ground state as well as possible we used an extensive 12s9p2d

[Si] and 10s6p2d [O] uncontracted basis set, based on the basis set of Ahlrichs et

al. [68].

All calculations are done at the equilibrium distance of SiO, Re=1.5097 Å and

at the Hartree-Fock (HF) level. The total energy at this internuclear distance

it calculated to be -363.84002 a.u. which compares favorably to literature values

[69]. In the following, we will briefly describe the methods for calculating the

ionization cross sections for the two processes.

7.2.1 Electron impact ionization cross section

An energetic electron colliding with SiO, may knock off one of its electrons causing

SiO to be ionized (electron impact ionization):

SiO + e− → SiO+ + 2e− (7.6)

provided that the kinetic energy of the impacting electron is higher than the

ionization potential of SiO (11.58 eV). The majority of the free electrons present

in the rf magnetron plasma have energies that are much less that the ionization

potential of SiO. Typical electron temperatures, i.e., the electron distribution is

fitted with a Maxwell-Boltzmann distribution, is found to be 3-4 eV [70]. However,

the number of electrons with sufficient kinetic energy to ionize the SiO is still

significant. Here we calculate the probability of that happening and we briefly

describe the method used in this work.

To calculate the electron impact ionization (EII) cross section, we have em-

ployed the so-called Binary-Encounter-Bethe (BEB) model. This method was

developed in the early 1990’s by Kim et al. [71, 72] and is proven to be a reliable

and relatively easy method to determine the total electron impact ionization cross

section for atoms as well as molecules, both stable and radicals [72]. The BEB
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model is a simplified version of the combined binary-encounter theory [73] and

the Bethe theory for electron-impact ionization [74]. Relevant features of this

model include a) it does not using any fitting parameters; b) has simple analytic

formula; and c) only requires relatively simple theoretical molecular data that are

obtained from calculations using standard molecular structure software packages.

In the BEB formalism, the ionization cross section per orbital has the form

[71]:

σBEB =
S

t+ (u+ 1)/n

[
Q ln t

2

(
1− 1

t2

)]
+ (2−Q)

(
1− 1

t
− ln t

t+ 1

)
(7.7)

where t = T/B, u = U/B, S = 4πa2oN(R/B)2, the Bohr radius has the value

ao = 0.52918 Å, and the Rydberg constant is R=13.6057 eV. There are four

orbital constants embedded in the equation above, namely, the binding energy

B, the orbital kinetic energy U , the electron occupation number N and a dipole

constant Q. The first three quantities are readily obtained using the PCGAMESS

code, while Q is calculated using

Q =
2

N

∫
B

B +W

df

dW
dW, (7.8)

where df/dW is the continuum dipole oscillator strength and W is the kinetic

energy of the continuum electron. Q is usually assigned a value of unity as a

further approximation when df/dW is not known [71, 72]. In our calculations

here, we used the approximation Q=1. The BEB method has been demonstrated

to be valid for incident electron energies ranging from the first ionization threshold

up to several keV [71, 72]. The total electron impact ionization cross section of

the target atom or molecule is calculated by summing all ionization cross sections

for ejecting one electron (i.e., σBEB) from each of the molecular orbitals open

(energetically feasible) for a given impact energy.

7.2.2 SiO photoionization

The spontaneous decay of the electronically excited states of Ar produce highly

energetic photons in a rf reactive sputtering setup. When a photon of an energy

higher than the ionization potential SiO is absorbed, the SiO may be ionized
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(photoionization):

SiO(X1Σ
+

) + hν → SiO+(2Σ
+

) + e−. (7.9)

There are several excited states of argon with photon energies close, but above

the IP of SiO, where the ionization cross section is the largest. In the past the

various excited states of argon in a rf magnetron plasma have been modeled and

combined with the lifetimes of the various states could yield the flux op ionizing

photons [75–77].

The photoelectron wave function, ϕk, necessary for determining the ioniza-

tion cross section, is determined at the HF level in the frozen-core approximation

using the iterative Schwinger method implemented in a single-center expansion

method, where all wave functions and operators are expressed in partial-wave

expansions [78]. The Schwinger variational method has proven to be a highly

accurate method, albeit computationally much more elaborate and therefore ex-

pensive compared to the BEB method. It has successfully been applied to ground

state ionization but also to (multi)photon ionization of excited states in the past

[69].

The electronic ground state of the SiO (X1Σ+) is determined using the same

basis set as mentioned above. All wave functions are single center expanded

around the center of mass. In order to ensure an adequate representation of the

wave functions the bound states are expanded into 30 partial waves, the continuum

wave function into 10 partial waves and the 1/r12 operator in 60 partial waves

(direct) and 30 partial wave for the exchange term. The outermost orbital, the

7σ orbital, is a true molecular orbital with dominant ontributions from the 3s,3p

orbitals from Si and 2p orbital from O. The normalization of all bound orbitals

in the single center expansion is better than 0.998 except for the 1σ and the 2σ

states (better than 0.987).
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7.3 Results and Discussion

7.3.1 SiO electronic ”first-principles” calculations

Total calculated energy of SiO at the HF level is -363.84002 atomic units (a.u.)

with the above mentioned basis, and this compares very well with other previous

calculations [69]. The electronic ground state (X1Σ+) has the electronic configu-

ration:

1σ22σ23σ21π44σ25σ26σ22π47σ2, (7.10)

in an one-electron description. The SiO ground state is characterized by a large

and rapidly changing (as a function of internuclear distance) dipole moment.

At the equilibrium distance, Re = 1.5097 Å the calculated dipole moment µ is

3.68 Debye and the dµ/dr is 5.06 Debye/Å. This large change in dipole moment

is caused by a charge transfer state crossing through the various states of 1Σ+

symmetry. This state originates at the Si++O− asymptote 6.72 eV above the

asymptotic limit of the SiO ground state. The IP of Si is 8.15 eV and that

of O is 13.62 eV: the electron attachment energy of O is 1.43 eV. The overall

energy difference between the ground state of Si and O and that of the Si+ + O−

asymptote is therefore: 8.15 eV - 1.43 eV = 6.72 eV. Under the assumption that

the SiO ground state potential is flat the crossing of the purely Coulomb (1/R)

potential of the Si+O− state would be at R = 27.21/6.27 a.u. = 4.04 a.u. =

2.12 Å which is somewhat larger than the equilibrium distance for SiO (X1Σ+)

of 1.5097 Å. This large change in the dipole moment could be expected to cause

large changes in the ionization behavior as a function of internuclear distances,

but based on our experience with similar systems with strongly changing dipole

moments, we do not expect large effects for the ionization processes [79].
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Molecular Orbital Occupation Binding Energy Kinetic Energy
of SiO Number N B U

1σ 2 1858.15 2490.46
2σ 2 554.26 788.56
3σ 2 166.53 357.59
1π 4 115.27 328.69
4σ 2 115.27 329.86
5σ 2 34.10 77.72
6σ 2 16.47 61.93
2π 4 12.74 51.48
7σ 2 11.80 43.76

Table 7.1: The orbital constants binding energy B, kinetic energy U , and
electron occupation number N per molecular orbital MO of SiO
molecule. The energies are theoretical, obtained using the ab-
initio molecular structure code PCGAMESS and are given in
atomic units.

7.3.2 SiO electron impact ionization cross section

In Table 7.1 we report the binding energies B, kinetic energies U and the electron

occupancy number N obtained for each molecular orbital. These are the values

we used for calculating the electron impact ionization cross section as shown in

Eq. 7.7.

Figure 7.1 shows the plot of the electron impact ionization cross section of SiO

as a function of the kinetic energy of the incident electrons. We observe that the

EII cross section increases fast from the threshold with increasing incident energy,

until it reaches its maximum and it then slowly decreases to a certain value. For

comparison, we have also shown, in the same plot, the EII cross section from the

recent work done by Joshiphura et al. using their own CSP-ic approach [61]. We

find that their values are higher than what we find using the BEB model by at

least 20%. In view of this observation, it is therefore essential to compare the

EII cross section obtained for different molecules within the same formalism to

obtain consistent results or to do the proper comparison of the relative EII cross

sections.
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Figure 7.1: The calculated EII cross sections are found to be small at energies
close to the IP of SiO, but this behavior is similar to the EII of
other small molecules.

7.3.3 SiO photoionization cross section

In Figure 7.2, a plot of the SiO calculated photoionization cross section as a

function of the photon energy is shown. In the rf magnetron plasma, the source

of the photons are the energetically excited states of argon in the plasma. E.g.,

the 4s[3/2]2 and 4s[3/2]1 states with an excitation energy of 11.54 and 11.62 eV,

respectively, which are slightly above the ionization threshold of SiO.

Ionization out of the 7σ level leads to the X2Σ+ ground state of SiO+, which

has an IP=11.61 eV (experimental, Ref. [80]). Ionization out of the deeper lying

2π level of the X1Σ+ ground state leads to the A2Π state of SiO+, with an

IP=12.19 eV (experimental, Ref. [80]). This is only slightly above the X2Σ+

ground state of SiO+ but the Franck-Condon overlap this state and the ground

state of SiO (overlap between the vibrational wave functions) is very unfavorable

(<0.05) and the state is therefore neglected in this work.

Starting from the ionization potential of SiO, the calculated photoionization

cross section has a peak close this value and, it decreases with increasing photon
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Figure 7.2: As it can been seen from the figure, the photoionization cross
section close to threshold is about 11.5×10−18 cm2, which is a
relatively ”normal” sized cross section for diatomic molecules.

energy. This behavior is similar to other diatomic molecules, and the functional

behavior is similar to the photoionization of the outer shell of CO, which is outer

shell iso-electronic with SiO [81].

The calculated photoionization cross section is two orders of magnitude lower

than the electron impact ionization cross section, but is in the range typical of

diatomic molecules of a similar nature (2nd and 3rd row of the periodic system).

There is therefore nothing special or unique about the photoionization cross sec-

tion of SiO, and we find no exciting features, such as shape resonances or Cooper

minima [82–85].

7.4 Conclusion

We have studied the photoionization and the electron impact ionization cross sec-

tions of SiO+ using first principles approaches. Our results indicate that both the

photoionization and electron impact ionization cross sections have values typical
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of small diatomic molecules. Neither of the calculated cross sections of SiO are

unusually large; and the ionization processes described here are not the cause of

the reported large flux of SiO+ ions impinging the deposition surface. We intend

to include the various ionization processes into a simplified model of the afterglow

region to determine the relative contribution to the total ionization signal.
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CHAPTER8

Polymerization during iCVD process

We have performed atomistic calculations of the initial steps of (poly)glycidyl

methacrylate (PGMA) polymerization using density functional theory (DFT) based

static and molecular dynamics techniques to elucidate the processes involved dur-

ing the initial polymerization steps. The polymerization process, both in the gas

phase and in the presence of a substrate, is investigated. The bonding of the rad-

ical O-end of the dissociated TBPO initiator, to either one of the C atoms in

the vinyl group of the GMA monomer, is considered the first important reaction

step towards polymerization at low temperature. Stable bonding geometries and

further reaction pathways of the GMA polymerizations are also determined. Vi-

brational properties of the grown polymers are calculated and compared with the

experimental FTIR spectra.

87
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8.1 Introduction

Glycidyl methacrylate (GMA) functional monomers have long been used as a main

chemical component for surface coatings [86]. Their potential in photovoltaic

applications has also recently been explored [87]. It is envisaged to integrate

the polymer of GMA, the (poly)glycidyl methacrylate or PGMA, into low-cost

solar cell devices as a protective layer that helps prevent device degradation.

Recently, PGMA thin films have been successfully grown on various substrates

using initiated chemical vapor deposition (iCVD) with tert-butyl peroxide as the

initiator [87]. PGMA acrylate polymer contains an epoxy ring which can be

transformed in a variety of functionalities through a ring opening reaction [87].

Precise control of the deposition of nanometer-thick PGMA thin films requires a

detailed understanding of the polymerization process during the deposition step.

Hot-wire chemical vapor deposition (HWCVD) is a well-established method

of growing polymers [88]. A variant of hot-wire CVD method, the so-called ini-

tiated CVD (iCVD), has been developed for growing polymers as thin films and

coatings on flat substrates [89]. This method involved the use of an initiator

molecule facilitating the use of lower temperatures for polymer growth that con-

sistently produces a high-quality linear (non cross-linking) polymer. The iCVD

route makes the retention of the epoxide functionalities in the deposited PGMA

thin films [86, 90] possible. This is an-all dry process and has been proven to be

better than a solution based process and thereby avoiding the use of pollution-

causing solvents [91].

GMA monomers have the ability to undergo free radical polymerization (FRP)

[92]. FRP is a well-established method to, for example, synthesize acrylate poly-

mers for automobile coating resins [93]. FRP is a complex process as it constitutes

many different reactions. A simple homopolymerization already involves at least

three fundamental reaction steps namely, initiation, propagation, and termina-

tion [94], with a possibility of chain transfer in each reaction step. The bonding

structure and the relative energies associated in each reaction step are important

to understand. The initial reaction step is especially important since it conse-

quentially dictates the reaction path and hence determines the final structure of

the formed polymer and its stability.

To understand and control the polymerization process, it is thus essential to
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probe the associated reaction mechanism, the intermediate and stable geometries

of the reaction products and the corresponding energetics. State-of-the-art com-

putational quantum chemistry has provided a direct means to shed light unto the

chemical reaction processes on the atomic molecular level [95]. Experimentally

the initiated chemical vapour deposition of the GMA thin films [87] is done by

feeding the source gases (initiator species and monomers) into the reactor. The

polymerization and consequent deposition of the GMA thin films follows the basic

3-step reaction process, as described above.

8.2 Computational Procedure

Calculations in this work were performed both with static and dynamic DFT

calculations. For static DFT calculations, we utilized both the Gaussian 03

suite of programs [96] and the Quantum-Espresso PWSCF code [12], while for

the dynamic DFT calculations we used the Car-Parinnello Molecular Dynamics

(CPMD) software package [97, 98]. For the gas phase calculations, calculations

were performed using the Gaussian 03 program package to determine the opti-

mized bonding geometries and calculate the corresponding binding energies and

vibrational frequencies. We have used the density functional level of theory to

predict the GMA (glycidyl methacrylate) and TBPO (t-butoxyl radical or tert-

butyl peroxide as the initiator) structures and energetics. A so-called B3LYP/6-

31G* basis set level was chosen as the basis set for geometry optimization of

GMA and TBPO (structures are shown in Fig. 8.2. The B3LYP/6-31G* has

previously been successfully used in the study of free radical polymerization of

alkenes, in self-initiation of styrene, and have also been used for studying poly-

merization of related acrylate monomers, specifically, methyl methacrylate and

methyl acrylate [99, 100] and also in thermal polymerization of methyl acry-

late [101]. B3LYP is well known to provide an excellent accuracy-to-cost ratio

for structural optimization schemes. To calculate the reaction energies of the

B3LYP-converged structures, we performed a single point calculations using the

more advance functionals - the B3LYP/CCPVTZ(-f) basis sets. The B3LYP/6-

31G* and B3LYP/CCPVTZ(-f) basis sets were also used in estimating the C-H

dissociation energies of the TBPO initiator as reported in Ref. [102]. CPMD

code was then utilized to elucidate the effect of temperature on the bonding and



90 Polymerization during iCVD process

resulting structure of the initial polymerization steps.
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For processes involving the reaction with a surface or substrate, we used our

previously established Si(100) model surface that we have optimized to study SiOx

adsorption on Si surface [13, 43]. For consistency we also utilized the PWSCF

code to calculate the adsorption energies of initiator-monomer complex adsorbed

on the Si(100) surface.

8.3 Results and Discussion

8.3.1 The TBPO initiator and the GMA monomer

In the initiated chemical vapour deposition, the initiator TBPO molecule is bro-

ken down into two fragments to form two radicals when flowing through the

resistively heated hot wire CVD reactor heated to 90 oC. To simulate this process

we performed self-consistent CPMD runs for the TBPO at 363 K for 12 ps . After

the runs, we found that as expected, the TBPO molecule decomposes into two

radicals. Figure 8.3 shows the product of the TBPO split - the so-called tuboxyl

(tbuo) radicals.

8.3.2 Polymerization in the Gas Phase

Initiation

There are two likely reaction paths at which the O-atom of the initiator attacks

or binds to the GMA monomer, i.e., to either of the C atom of the carbon double

bond. We shall call these steps IM1 and IM2, respectively, referring to the tbuo

which binds to the beta or the alpha C atom of the GMA monomer. With configu-

ration IM1, we find a binding energy of -1.38 eV and the IM2 configuration is -0.39

eV. See Figures 8.5(a) and 8.6(a). We observe that the IM2 configuration shows

a steric hindrance for the O-C bonds, and thus rendering the IM2 configuration

to be energetically less favourable compared to IM1.

From one of our starting configurations, we also find an intermediate structure

(we shall refer to as IM3) with a binding energy of -0.77 eV. The bonding (O of

tbuo and beta C of GMA) is similar to IM1 configuration, but we notice that

the resulting structure is rather ’folded’ or ’compressed’. Starting from the IM3

structure we then performed ab-initio molecular dynamics modelling to study the
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(a) Initiation. The starting point of a free radical polymerization is the gener-

ation of free radicals from the nonradical species, or simply, the initiation step.

In this work, tert-butyl peroxide (TBPO) initiator is used, a peroxide (R-O-O-R)

containing molecule, since the weak O-O bond can easily be broken by applying

heat.

(b) Propagation. The reactive radical is then attacking the acrylate monomer and

forms a backbone with three C atoms. This species then adds to the polymer chain

(propagation step).

(c) Termination. The propagated chain is still a radical, so to end the propaga-

tion all bonds must be saturated. To do this, another radical (or another growing

polymer chain) must be added to the polymer chain.

Figure 8.1: The three basic steps in a free-radical polymerization.
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(a) GMA monomer (b) TBPO initiator

Figure 8.2: The monomer and the radical used in the polymerization process.

Figure 8.3: Upon heating the dtbp molecule splits to form 2 tbuo radicals.

Figure 8.4: A (meta)stable I-M structure (top figure) relaxes to IM1 when
it is heated to 300K and run for 12 ps using ab-initio MD.
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system at a finite temperature (in this case at room temperature). Using the

CPMD method, we let the structure evolve for 2 ps at 300K. We find that IM3

structure ’stretches’ and eventually we found a final structure identicalr to IM1

with binding energy of -1.38 eV. Refer to Figure 8.4.

The negative values for the binding energies calculated here indicate an exother-

mic reaction, an indication that the bond between tbuo and GMA in this step is

strong and our results here confirm that this is the first important reaction step

in the polymerization. We also find that when a GMA monomer is placed (brute

force) in close proximity to another GMA monomer where a reaction or binding

may take place (GMA-GMA bonding) and without the presence of a tbuo initia-

tor, the binding reaction does not happen spontaneously. The optimized structure

we found here indicate that the 2 GMA’s tend to avoid each other, an indication

that a substantial energy barrier needs to be overcome for binding to happend.

The results clearly indicates that the introduction of tbuo in the initial reaction

process is indeed crucial.

Propagation

A propagation step is the backbone of the polymerization process, as this is the

step where the polymers are actually grown from the individual monomers. To

understand this process, we proceed one step further by taking IM1 and IM2

structures obtained in the initiation step. In IM1 the bonding of O to beta C

atom results in the breaking of the double carbon bond of the alpha and beta C

atoms, leaving the alpha C atom with an unpaired electron (thus making IM1 a

radical). Similarly, in IM2 where the alpha C atom is bonded to, the beta atom

would have an unpaired electron (and thus also becomes a radical).

To proceed with the propagation step, we take another GMA and we let its

beta C atom attack, i.e., bind to the radical part of IM1 and IM2. The addition of

another monomer to IM1 (IM1M), yields a bonding energy of -2.25 and -1.85 eV

for GMA monomer bonded to the alpha and beta C atoms of IM1, respectively.

On the other hand, adding a monomer to IM2 yields a binding energy of -2.16

and -1.53 eV, for bonding between alpha and beta C atoms with the IM2 radical,

respectively.
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Complex IM1 IM2

IM -1.38 -0.39
IMM -3.80 -3.75
IMI -2.25, -1.85 -2.16, -1.53

IMMI -4.50, -4.10 -4.42, -4.41

Table 8.1: The binding energies of the GMA monomer (M) and the tbuo
radical (I) (and an additional M or I or both) at various stages of
the polymerization process.

Termination

The termination step determines the polymer chain length and therefore its molec-

ular weight, among other properties. Termination in our simulation here is when

all the bonds of the growing polymer are saturated. For example, when a radi-

cal binds to IM1 and IM2, we call it IM1I and IM2I, we find that the process is

highly exothermic (-3.75 and -3.80 eV), respectively. Starting from the resulting

structures in the Propagation step (i.e., IM1M and IM2M), a termination step

is highly favourable (-4.50 and -4.11 eV for IM1M and -4.42 and -4.41 eV for

IM2M). These values are the lowest we find and indicates that the termination

step is highly favourable. Basing on the energetics we also observe that the ter-

mination process is more favourable when the polymer growth has progressed

(binding energy for IM1MI is larger compared to IM1I).

Figure 8.5 shows the calculated vibrational frequencies of the IM1MI config-

uration (figure above) and the experimental vibrational frequencies of the grown

polymer (figure below). From the two results, we see a similarity of the relative

locations of the peak, thus we may be able to infer and consider the two results

to be qualitatively comparable. From the calculated vibrational frequency, we

find vibration peaks around 870 cm−1 which corresponds to the vibration of the

epoxy rings of the PGMA. We also observe a peak around 1800 cm−1 which in-

dicated the presence of C-O double bonds referring to the carbonyl-carbon bond

in the GMA monomer. As expected in a terminated and grown polymer, there is

an absence of the C-C double bonds at 1650 cm−1, signifying that all bonds are

saturated in the terminated polymer.
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(a) Calculated FTIR spectra.

(b) Experimental FTIR spectra [87].

Figure 8.5: FTIR spectra of configuration IM1MI.



8.3 Results and Discussion 97

(a) Initiation step IM1.

(b) Propagation step IM1M.

(c) Termination step. IM1I (d) Termination step IM1MI.

Figure 8.6: Reaction path for initial polymerization steps for configuration
IM1.
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(a) Initiation step IM2.

(b) Propagation step IM2M.

(c) Termination step IM2I. (d) Termination step IM2MI.

Figure 8.7: Reaction path for initial polymerization steps for configuration
IM2.
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8.3.3 Reaction on Si(100) surface

The possibility that the propagation and termination processes likely happens at

the surface of a substrate is also taken into account in this work. To explore this

process we take a clean Si(100) surface that we have previously optimized [13, 43].

A tbuo radical adsorbed on Si surface is calculated to have a bonding energy of

-3.45 eV and a GMA monomer adsorbed on the Si surface shows an adsorption

energy of -1.51 eV.

(a) GMA on Si. (b) TBUO on Si.

Figure 8.8: Adsorption of GMA and tbuo on the Si surface.

To simulate the initial step in propagation in the presence of the Si substrate,

we take IM1 and IM2 and place them at a distance of approximately 2.0 Å above

the surface and let them adsorb on the surface. We find that these structures have

adsorption energies of -3.74 and -2.76 eV, respectively. We see that the presence of

the substrate further promotes the reaction process as the reaction is exothermic,

and this released energy may further enhance the propagation processes through

heat assisted reactions. Although our calculations here represent a very limited

sample of the propagation step on the surface, it can be inferred that initial

propagation step can happen at the surface and this process is exothermic.

Due to the small surface area of the Si surface we have used here, and the

relative big size of the IM tandem and due to the limit of computational re-

sources, further calculations for a bigger system (say IMnI or IMnMI) becomes

prohibitively expensive. So at this point we only considered up to the initial prop-

agation step (to up to only I-M tandem on the surface). It would be interesting

to see in the future as to how further propagation can take place further, using
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(a) IM1 on Si. (b) Another IM1 on Si

Figure 8.9: Adsorption of the reacting species on the Si surface.

a model surface with much bigger surface area, and explore other substrates, like

e.g, glass (which is amorphous SiO2).

8.4 Conclusion

DFT based calculations provide detailed insight into the initial steps of the poly-

merization of GMA, by providing relative energy difference and the corresspond-

ing optimized structures as the polymerization process progresses. Calculations

were performed to follow the step-by-step process of the possible paths for poly-

mer growth. The initiator is necessary for the reaction to jumpstart (initiation).

Once the initiation has started the actual polymer growth proceeds (propaga-

tion) and is an exothermic process. This process can go on until the growth is

terminated by adding an initiator to the system (termination). The termination

process is overall the most favourable step in the polymerization process, where

all the carbon double bonds initially present the monomer molecule are no longer

existent. Epoxy groups are retained in the polymerization process, as observed

in the peaks of the vibrational frequencies of the growing PGMA. With molec-

ular dynamics DFT-based calculations at a realistic termperature, the polymer

chains are stretched. The energetics indicate that addition of an initiator to a

growing polymer is highly favourable compared to further polymer growth. We

also find that the initiator and monomer and its complex (IM) are exothermically

chemisorbed on the Si(100) surface. Elucidating the influence of the substrate
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(here a Si substrate) on the polymerization process is important as it is believed

that most of the propagation happens on the substrate.
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Summary

The oxidation of Si is one the basic steps in the manufacture of microchips used

in electronic devices. With integrated chips getting increasingly smaller, the con-

trolled deposition of thin insulating SiO2 layers becomes critical. During rf re-

active magnetron sputter deposition of silicon suboxides, various relevant ionic

and molecular Si- and O-containing species relevant are present in the reaction

chamber. These species impinge on the deposition surface, i.e., the Si substrate,

oxidizing it and form a thin insulating layer of SiOx material. Precise control of

vapor deposition of Si and O containing molecular or atomic species requires un-

derstanding at the molecular or atomic level. Here ab-initio methods are used to

theoretically investigate the ability of individual species in the gas phase to physi-

cally or chemically adsorb on the clean Si surface, individually and simultaneously

with other relevant species.

The Si model surface is produced by cutting a small slab of Si from Si bulk,

which has a diamond structure. The slab is placed in a supercell, with its top

surface in vacuum, the surface atoms reconstruct to form alternately buckled Si

dimer pairs, while the bottom layer is fixed to mimic a bulk property. This p(2x2)

reconstructed Si surface is the most stable among all other reconstructions found

both theoretically and experimentally. Relevant species for SiOx deposition are

109
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those that are Si- and O-containing, namely the molecules O2, SiO, SiO2, as well

as the Si and O atoms, all isolated and in the gas phase. O and O2, the most

studied of all species, regarding to their adsorption on the Si surface, were found

to be the most well-adsorbed on the Si surface with adsorption energies up to

-6.00 eV as reported in various literatures.

The SiO2 molecule is adsorbed on the Si surface with energies up to -4.90 eV.

The SiO molecule, whose presence in the reaction chamber is surprisingly high,

also contributes to the SiO2 growth, and its adsorption energies are up to -2.50

eV. Various adsorption sites of both SiO2 and SiO molecules on the Si surface

are found, with negligible adsorption barrier, an indication that these molecules

are freely adsorbed on the Si surface. An observed red-shift in the vibrational

frequencies of both the SiO and SiO2 molecules when adsorbed on the SiO surface,

indicates a weakening of the Si-bond bonds.

Simultaneous coadsorption of O2 with a SiO molecule on the Si surface indi-

cates an energy gain of -2.90 eV, higher than the energies gained when O2 and SiO

are individually adsorbed, provided that O2 and SiO share the same Si surface

atom to bond with. A SiO-precovered Si surface further promotes the adsorption

of an incoming O2 molecule. Argon atoms are inadvertently introduced in the

interface of Si/SiO2 during the growth process. Results of the static density func-

tional theory (DFT) based calculations indicate that an argon atom does not bind

to any of the atoms of the Si/SiO2 interface, and settles to a point in the interface

with least atomic coordination. These calculations presented here are done for a

temperature of 0K, and investigation of the dynamics at realistic temperatures

are recommended.

The unexpectedly high flux of SiO+ arriving at the deposition surface arouses

interest as to the ability of SiO to be ionized. The electron impact ionization and

the photoionization cross-sections of SiO calculated here have values typical of

small diatomic molecules. Neither of the calculated cross-sections are unusually

large and the ionization processes mentioned here are not the cause of the reported

large flux of SiO+ ions impinging the deposition surface.

Finally, in a related topic, calculations of the initial steps of the free-radical

polymerization process of PGMA, a polymer coating material that prevents device

degradation indicate that this process happens exothermically and spontaneously

with the presence of a TBPO radical. Introduction of more radical into the
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system causes the polymerization process to terminate. Both the GMA monomer

and TBPO radical are well adsorbed on the Si surface.





Samenvatting

De oxidatie van Si is een van de belangrijkste stappen in het vervaardigen van

microchips voor elektronische apparaten. Met het steeds dunner worden van gen-

tegreerde chips wordt de gecontroleerde depositie van dunne isolerende SiO2 films

cruciaal. Tijdens het radio frequent magnetron sputteren van silicium suboxides,

zijn verscheidende ionische en moleculaire Si- en O-houdende producten aanwezig

in de depositiereactor. Deze producten vallen in op het depositieoppervlak, i.e.

het Si substraat, welke hierdoor geoxideerd wordt en alwaar een dunne isolerende

film van SiO2 gevormd wordt. Dit onderdeel van de depositie is belangrijk voor

het produceren van microchips in elektronische apparaten. Een precieze controle

over de dampdepositie van Si- en O-houdende moleculaire of atomaire producten

vereist kennis daarvan op het moleculaire of atomaire niveau. Hier worden ab ini-

tio methoden gebruikt om theoretisch onderzoek te verrichten naar het vermogen

om te fysisorberen of the chemisorberen van individuele producten in de gasfase

op schone Si oppervlakken, individueel en tegelijkertijd met andere relevante pro-

ducten. Het Si oppervlak wordt gemodelleerd door een plak met kleine dikte te

nemen van bulk Si, wat een diamantstructuur heeft. De plak wordt door een

denkbeeldige doos omgeven, de bovenkant van de plak begeeft zich in vacum, de

oppervlakteatomen reconstrueren en vormen afwisselend georinteerde Si bindin-
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gen, de onderkant van de plak is gefixeerd om bulk gedrag te simuleren. Dit

p(2x2) gereconstrueerd Si oppervlak is het meest stabiel van alle reconstructies

die theoretisch en experimenteel gevonden zijn. De relevante producten voor de

depositie van SiOx zijn die producten die Si en O bevatten, namelijk de moleculen

O2, SiO, SiO2, en de Si en O atomen, alle gesoleerd in de gasfase. O and O2, wat

betreft de adsorptie op het Si oppervlak de meest bestudeerde producten, zijn

gebleken het best te adsorberen op het Si oppervlak met, volgens verscheidene

literatuurbronnen, adsorptie-energien tot -6.00 eV.

Het molecuul SiO2 adsorbeerde met een energie tot -4.90 eV. Het SiO mole-

cuul, van welke de aanwezigheid in de reactor verrassend hoog is, draagt ook

bij aan de groei van een SiO2 film, zijn adsorptie-energie bedraagt tot -2.50 eV.

Verscheidene adsorptieplekken van SiO2 en SiO moleculen op het Si oppervlak

zijn gevonden, met verwaarloosbare adsorptiebarrire, wat een indicatie is dat

deze moleculen vrij geadsorbeerd worden op het Si oppervlak. Een waargenomen

roodverschuiving in de vibratie-energien van op Si geadsorbeerde SiO and SiO2

moleculen, indiceert een verzwakking van de Si-O bindingen.

De gelijktijdige coadsorptie van O2 met een SiO molecuul op het Si opper-

vlak indiceert een energietoename van -2.90 eV hoger dan de energien die worden

gewonnen wanneer SiO en O2 afzonderlijk geadsobeerd worden, vooropstaande

dat zij hetzelfde Si oppervlakteatoom delen om mee te binden. Een Si oppervlak

dat reeds bedekt is met SiO moleculen stimuleert de adsorptie van een inval-

lend O2 molecuul. Ar atomen worden onvermijdelijk ingebouwd in het grensvlak

tussen Si en SiO2 tijdens het groeiproces. Resultaten van statische dichtheids-

functionaaltheorie (DFT) resultaten geven aan dat een argon atoom met geen

enkel atoom bindt van het Si/SiO2 grensvlak en op een punt in het grensvlak

gaat zitten met zo min mogelijk buren nabij. De berekeningen die hier gepre-

senteerd worden zijn gedaan voor een temperatuur van 0K, bestudering van de

dynamica bij realistische temperaturen is aanbevolen.

Het onverwacht hoge aantal invallende SiO+ ionen bij het depositieoppervlak

vraagt om het nader bekijken van het ionisatievermogen van SiO. De elektro-

nenbotsingsionisatie en de foto-ionisatie doorsneden van SiO die hier berekend

zijn hebben typische waarden van kleine di-atomaire moleculen. Geen van de

berekende doorsneden zijn ongebruikelijk groot en de ionisatieprocessen die hier

genoemd worden zijn niet het gevolg van het hoge aantal invallende SiO+ ionen
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op het depositieoppervlak.

Berekeningen van de initile stappen van het polymerisatieproces van PGMA,

een polymeerlaag die als beschermlaag fungeert voor andere, degradatiegevoelige

films, geven aan dat dit proces spontaan en exotherm verloopt in aanwezigheid

van het TBPO radicaal. De introductie van meer radicalen in het systeem zorgt

voor terminatie van het polymerisatieproces. Zowel het GMA monomeer als het

TBPO radicaal worden goed geadsorbeerd op het Si oppervlak.
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