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Surface Chemistry and Adhesive Properties

of Oxidised Si Surfaces

Summary Daniel Cole, Queens' College

I have used density functional theory and classical molecular dynamics to study the chemistry

of the native oxide layer on the Si(100) surface. Surface oxidation is accompanied by the devel-

opment of tensile surface stress and by formation of Si species with a range of oxidation states.

Total energy calculations of P and B substitution into the oxide layer and �rst principles molecu-

lar dynamics simulations of oxide growth on the doped surface both indicate a surface oxidation

mechanism whereby impurities remain trapped at the Si/SiOx interface. A new two- and three-

body classical potential is developed to simulate the hydroxylated, natively oxidised Si surface

in contact with water solutions and biological molecules. The potential parameters are chosen

to reproduce the structure, charge distribution, tensile stress and interactions with single water

molecules of a natively oxidised Si surface previously obtained byab initio simulations. I apply

this classical potential to study the atomic-level processes that determine the mutual adhesion

between hydrophilic Si wafers during room temperature bonding. Moreover, I have investigated

the adhesion mechanisms of proteins such as collagen and human serum albumin, which mediate

the interactions between cells and implanted Si-based devices.
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Chapter 1

Introduction

I NTERACTIONS BETWEENSi-based microelectronic and micromechanical systems andtheir

external environment are particularly important when their surfaces are in contact with an

atmospheric or physiological milieu. For example, the preparation of silicon-on-insulator de-

vices takes advantage of the strong adhesion between oxidised and hydrated Si surfaces to bond

together crystalline wafers, as shown in Fig. 1.1 (left). Meanwhile, the implantation of Si-based

devices into tissues or into the bloodstream results in immediate protein and cell adsorption onto

the material surface (Fig. 1.1 (right)). The key to successful device implantation is the ability

of the surface to control protein adsorption and, hence, guide cell assembly and promote com-

patability with the surrounding tissue. In both of these applications, the adhesive properties of Si

devices are determined by the surface chemistry of the thin,native oxide layer that passivates the

Si surface under normal conditions. Precise characterisation of this native oxide layer is, there-

fore, crucial if we are to understand the atomic-level processes that occur between Si surfaces

and an external environment.

Figure 1.1: (left) Silicon-on-insulator device preparation by room temperature wafer bonding [1].
The bonding front propagates between the wafers by application of a small pressure. (right)
Scanning electron micrograph of platelet adhesion to a Si surface sample [2].
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2 1. INTRODUCTION

Following a review in Chapter 2 of theab initio and classical methods that underlie this

work, Chapter 3 investigates the change in Si coordination and surface stress evolution during

formation of the native oxide layer on the Si(100) surface bymeans of density functional theory.

The reactivity of the resulting surface towards water adsorption is explained in terms of the

surface charge distribution and stress build-up during oxidation. The interactions between the

oxidised surface and an external environment are largely ofa non-covalent nature and, therefore,

depend heavily on the charge distribution within the nativeoxide layer. This charge distribution

may, in practice, be affected by P or B dopants present in the Si bulk if they tend to segregate

into the oxide layer. I investigate the stability of these dopants on various sites in the oxide layer

and complement this approach with �rst principles molecular dynamics simulations of oxide

growth in the presence of surface dopants. This combined static and dynamical approach is

able to determine the thermodynamically stable dopant positions and reveal oxidation reaction

mechanisms that are dif�cult to access experimentally.

The above simulations, based on density functional theory,will provide valuable information

about the structure and surface chemistry of the natively oxidised Si surface. However, if we

are to model adsorption processes on Si surfaces that occur over length and time scales that are

inaccessible toab initio methods, it will be necessary to appeal to classical molecular dynamics

simulations. To this end, the information obtained from �rst principles simulations of the native

oxide layer on the Si(100) surface will be used to develop a new classical potential for oxidised

Si systems (Chapter 4). Further, in order to simulate the adhesive properties of oxidised Si sur-

faces in a wet environment, it will be necessary to parameterisead hocthe relevant non-bonded

interactions. This potential will, therefore, aim to reproduce the structure, charge distribution,

tensile stress and interactions with individual water molecules of the natively oxidised Si sur-

face obtained fromab initio simulation. In order to test the accuracy of this parameterisation,

the structural and energetic properties of the interfaces of both amorphous silica and natively

oxidised Si with water will be investigated and compared with experiment.

I will use the newly developed potential in large-scale classical molecular dynamics sim-

ulations to investigate the atomic-level processes that determine adhesion on the oxidised Si

surface. The strength of adhesion between Si wafers in room temperature bonding experiments

will be studied as a function of surface water coverage (Chapter 5). The dependence of the max-

imum bonding strength on the surface chemistry will be explained in terms of water structure

at the interface, which in turn is determined by the strengthof the surface-water interaction. Fi-

nally, in Chapter 6, I will extend the potential further to account for non-bonded interactions of

both the natively oxidised Si surface and a hydrophobic H-terminated Si surface with biological
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molecules. Collagen and human serum albumin, which are abundant proteins in the extra cellular

matrix and bloodstream, respectively, will be used as examples to model the early stages of pro-

tein adsorption on implanted material surfaces. The adsorption of an entire protein onto models

of realistic device surfaces in the presence of explicit water molecules represents a large compu-

tational effort and will elucidate the in�uence of the surface chemistry and associated structure

of adsorbed water on the strength of protein binding.
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Chapter 2

Theoretical Background

I N THIS THESIS, a wide range of material properties are considered, some require quantum

mechanical accuracy for the description of bond breaking and formation, others the simula-

tion of long time scale dynamical behaviour. In order to describe such a variety of properties,

a number of theoretical techniques are required. This chapter �rstly reviews ab initio meth-

ods for detailed electronic structure calculation, followed by a discussion of classical molecular

dynamics techniques for the simulation of larger systems onnanosecond time scales.

2.1 Ab Initio Methods

2.1.1 Introduction

One motivation for quantum mechanical simulations is the desire to understand the rich variety of

atomic scale properties and behaviour that occur in nature.The attraction ofab initio techniques

is their ability to provide experimentally veri�able predictions from the input of just a set of

atomic numbers and rough starting coordinates for the atoms.

Density functional theory reformulates the time-independent Schrödinger equation (Sec-

tion 2.1.2) in terms of the electron density and, in this way,makes the calculation of a large

number of ground state properties computationally tractable. In the following sections, I give an

overview of density functional theory (Section 2.1.3), as implemented in the CASTEPcode (Sec-

tion 2.1.4). The machinery that makes such calculations viable, namely the exchange-correlation

energy functional (Section 2.1.5), the plane wave basis set(Section 2.1.6) and pseudopotentials

(Section 2.1.7) are discussed and the approximations inherent therein are justi�ed. Finally, in

Section 2.1.8, the Hellmann-Feynman theorem is used to derive the forces required for the equa-

5



6 2. THEORETICAL BACKGROUND

tions of motion that govern the behaviour of nuclei in �rst principles molecular dynamics simu-

lations. The following sections should be seen as an overview of the subject and more detailed

discussion may be found in Refs. [3,4].

2.1.2 The Many-Body Schr̈odinger Equation

Central to the development of quantum mechanics, a branch ofphysics that has underpinned a

century's experimental and theoretical research in the �eld of condensed matter, was the formu-

lation, in 1926, of the Schrödinger equation [5]. The time-independent Schrödinger equation has

the simple form:

Ĥ j	 i = E j	 i ; (2.1)

and describes the non-relativistic behaviour of nuclei andelectrons in condensed matter systems.

For a system ofN particles, the many-body wave function	 is a function of the 3N coordinates

r i (i = 1; : : : ; N ) and, through evaluation ofj	( r 1; : : : ; r N )j2, it gives the probability density of

�nding particle 1 at positionr 1, particle 2 at positionr 2, and so on. Furthermore, the outcome

of any measurement performed on the system, with corresponding operatorO, may be predicted

through calculation of the quantityh	 jOj 	 i . In theory, therefore, solution of the many-body

Schrödinger equation gives one complete knowledge of the physical and chemical properties of

a system through	 and the eigenvaluesE, which describe the total energy of the system in a

statej	 i . However, looking more closely at the Hamiltonian operatorĤ , even for a relatively

simple system, reveals a great deal of complexity.

For a system of nuclei and electrons,Ĥ is written in atomic units as:

Ĥ = �
1
2

X

i

r 2
i �

1
2M I

X

I

r 2
I +

1
2

X

i;j 6= i

1
jr i � r j j

+
1
2

X

I;J 6= I

Z I Z j

jr I � r J j
�

X

i;I

Z I

jr i � r I j
(2.2)

where the lower (upper) case indices refer to electrons (nuclei), M I andZ I are the nuclear masses

and charges, respectively, and sums are over all electrons and nuclei in the system. The �rst two

terms describe the kinetic energy of the electrons and nuclei and the �nal three terms respectively

account for the electron-electron, nucleus-nucleus and electron-nucleus Coulomb interactions.

The coupling between the electronic and nuclear coordinates in equation 2.2 makes an analytical

solution to the equation impossible for the systems of interest in this work and we must instead

resort to a number of approximations. To begin, let us examine the interactions between the

electrons and nuclei. In our system, the forces on the electrons and nuclei are the of the same

magnitude. However, the mass of the nucleus is much larger than that of the electron and, hence,
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its velocity is much smaller. We can, therefore, view the electrons as moving in a �eld generated

by nuclei in static positionsr I , which has the effect of decoupling the electronic and nuclear

motion. With this assumption, known as the Born-Oppenheimer approximation [6], the resulting

electronic Hamiltonian is written as:

Ĥ = �
1
2

X

i

r 2
i +

1
2

X

i;j 6= i

1
jr i � r j j

+
X

i

v(r i )

= T̂ + V̂ee + V̂ext ; (2.3)

where the three terms correspond to the electronic kinetic energy, the electron-electron Coulomb

repulsion and the external �eld of the nuclei. Even after this simpli�cation, it is clear that the

state of one electron depends on the state of every other electron in the system. It is this prob-

lem of solving the interacting electron Hamiltonian ef�ciently and to high accuracy that density

functional theory seeks to address.

2.1.3 Density Functional Theory

Density functional theory (DFT) is concerned with the calculation of ground state, that is zero

temperature electronic equilibrium state, properties of the system. Solving the Schrödinger equa-

tion variationally gives the ground state total energyE0:

E0 = min
	

h	 jĤ j	 i = min
	

h	 jT̂ + V̂ee +
X

i

v(r i )j	 i : (2.4)

Several methods search for an upper bound to this ground state energy by searching for the wave

function that minimisesh	 jĤ j	 i within a restricted basis set. For example, within the Hartree-

Fock approximation, the trial wave functions are linear combinations of Slater determinants.

However, these methods are either too approximate or too computationally demanding and are

therefore infeasible for systems of many atoms.

DFT reformulates the problem of minimising over all possible wave functions, consisting of

3N variables, by introducing the scalar charge density, consisting of just three. The rationale

behind this substitution is the Hohenberg-Kohn theorem, which states that there is a one-to-

one correspondence between the ground state density of aN electron system and the external

potential acting upon it [7]. The consequence of this theorem is that the total energy of such a
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system is a unique functional of the electron density:

E[n] = T̂ [n] + V̂ee[n] +
Z

d3r v(r )n(r ) = F [n] +
Z

d3r v(r )n(r ); (2.5)

whereF [n] is a universal functional, minimised for any givenn(r ). Moreover, the ground state

electron density is that which minimises the functional in (2.5), giving the exact ground state

energy. Differentiating equation 2.5 with respect ton(r ) and introducing the Lagrange multiplier

� to ensure �xedN :
�F

�n (r )
+ v(r ) = �: (2.6)

Although the above analysis is exact, it brings us no closer to a solution since we do not

know the forms of the universal functionalŝT[n] andV̂ee[n] in terms of the electron density. It

was the work of Kohn and Sham that set out a practical scheme for calculating ground state

properties [8]. Importantly, they considered a �ctitious system ofN non-interacting electrons

(Vee = 0), whose ground state density is:

n(r ) =
NX

i =1

j	 i (r )j2: (2.7)

De�ning an external potentialvs(r ), such that the ground state density of the non-interacting

system is equal to that of the interacting system, equation 2.6 becomes:

�T s

�n (r )
+ vs(r ) = �: (2.8)

The exchange-correlation energyExc[n] is then de�ned such that,

F [n] = Ts[n] + U[n] + Exc[n]; (2.9)

whereU[n] is the Coulomb energy of the electron density,

U[n] =
1
2

Z
d3r

Z
d3r 0 n(r )n(r 0)

jr � r 0j
: (2.10)

For equations (2.6) and (2.8) to be consistent, then:

vs(r ) = v(r ) +
�U [n]
�n (r )

+
�E xc[n]
�n (r )

: (2.11)
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This method solvesTs[n] exactly by �nding the Kohn-Sham wave functions	 i (r ) that minimise

the expectation value of the non-interacting electron kinetic energy for a given density, rather

than the wave functions that minimisehT̂ + V̂eei . U[n] and v(r ) may be calculated directly

from the resulting electron density, and so the exchange-correlation energy is the only term for

which an approximation must be made. This is a sensible separation asExc, which contains both

the non-classical exchange interaction and the differencebetween the true and non-interacting

kinetic energies, is typically much smaller than the kinetic energy and might therefore allow

approximations to give reasonable accuracy.

2.1.4 DFT Implementation

Now that the theory is in place and assuming that reasonableExc functionals are available, it is

possible to see how the ground state energy of the interacting system may be calculated:

� Choose a trial electron densityn(r );

� Solve equation 2.11 to �ndvs(r );

� Solve the non-interacting Schrödinger equation for the ground state to �nd the wave func-

tions that minimise the expectation value of the kinetic energy:

ĤKS 	 i (r ) =
�

�
1
2

r 2
i + vs(r )

�
	 i (r ) = � i 	 i (r ); (2.12)

� Re-calculaten(r ) using equation 2.7 and repeat the previous two steps until self-consistency

has been achieved.

The solution of equation 2.12 requires the diagonalisationof the Kohn-Sham Hamiltonian at

each iteration of the charge density. Standard matrix diagonalisation techniques scale asM 3,

whereM is the number of basis functions. However, since the number of occupied statesN is

much less than the number of basis states in a plane wave basisset (see Section 2.1.6), much of

the information obtained in the process of matrix diagonalisation would be redundant. Instead,

a conjugate gradients method can be used [3], which iteratively improves the set of trial wave

functions to generate just the �rstN eigenvalues of the Kohn-Sham Hamiltonian.

Once the ground state charge density is converged, the �nal energy is calculated via equa-

tions (2.5) and (2.9):

E0 = �
X

i

Z
d3r 	 �

i (r )
r 2

i

2
	 i (r ) + U[n] + Exc[n] +

Z
d3r v(r )n(r ): (2.13)
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Of course, the energy may be calculated from any trial density, but only once the energy is con-

verged below a de�ned threshold and a good approximation to the ground state has been achieved

does this energy have any physical signi�cance. The CAmbridge Serial Total Energy Package

(CASTEP) [9] implements the DFT technique for the calculation of ground state properties. The

following sections discuss the exchange-correlation term, which must be approximated in or-

der to solve the Kohn-Sham equations, as well as further techniques developed to increase the

ef�ciency of the calculation.

2.1.5 Exchange-Correlation Energy

As discussed in the previous sections, the method of Kohn andSham has not removed the com-

plexity of the interactions between the electrons, but has simply reformulated the problem into

�nding the new termExc[n]. As implied by its name,Exc[n] consists of two contributions, the ex-

change energy and the correlation energy. The fermionic nature of electrons means that the wave

function in a many-body problem must be antisymmetric underexchange of any two electrons.

This antisymmetry requires electrons of the same spin to be spatially separated. The decrease in

the electron-electron Coulomb repulsion, which is a consequence of this non-classical require-

ment, is called the exchange energy. Similarly, separatingthe electrons of opposite spin will

decrease the Coulomb repulsion, at the cost of deforming thewave function and increasing their

kinetic energy. The correlation energy is, therefore, the energy difference between the expec-

tation value of the sum of the kinetic and Coulomb energies for an interacting system and that

expectation value calculated using the non-interacting Kohn-Sham wave functions.

At present, it is not possible to calculate the correlation energy directly for complex sys-

tems. What makes a solution possible is not only the fact thatthe termExc[n] is typically small

compared to the kinetic energy, but also that seemingly na�̈ve approximations to the functional

work surprisingly well. The �rst, and simplest, approximation was introduced alongside the

Kohn-Sham equations and is known as the local density approximation (LDA). In the LDA, the

exchange-correlation energy is given by:

E LDA
xc [n] =

Z
d3r n(r )� xc(n(r )) ; (2.14)

where� xc(n(r )) is the calculable exchange-correlation energy per electron of a homogeneous

electron gas of densityn(r ) [10]. The accuracy of the LDA seems surprising given that the

electron density is anything but uniform close to atoms in real systems, but its use has been

justi�ed through its many successful applications [11].
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In order to account for the effect of inhomogeneities in the electron density, a second class

of Exc[n] was developed known as the generalised gradient approximation (GGA). In the GGA

scheme, the exchange-correlation energy is also a functionof the density gradient:

E GGA
xc [n] =

Z
d3r n(r )� xc(n(r ); r n(r )) : (2.15)

This approximation led to improvements in binding and dissociation energies, especially for

systems containing weak interactions, such as hydrogen bonds. The GGA parameterisation due

to Perdew, Burke and Ernzerhof is used throughout this work [12].

2.1.6 Plane Wave Basis Set

We have so far shown that the complex behaviour of a system of interacting electrons may be

reformulated in terms of a set of Kohn-Sham wave functions, with the electron-electron interac-

tions con�ned to the approximatedExc[n] functional. In condensed matter physics, systems of

interest are generally based on periodic crystals, effectively consisting of an in�nite number of

electrons whose wave functions are spread over the entire solid and which, therefore, require an

in�nite basis set to describe them. Bloch's theorem exploits the periodicity of the system to write

the Kohn-Sham orbitals as a product of plane wave and cell periodic parts:

	 i;k (r ) = ei k :r f i;k (r );

f i;k (r ) = f i;k (r + R): (2.16)

Solutions of the Kohn-Sham equations involving integrals in real space, such as the calculation

of the kinetic energy,

Ts[n] = �
X

i

Z
d3r 	 �

i;k (r )
r 2

i

2
	 i;k (r ); (2.17)

are replaced by sums over an in�nite number of Brillouin zonevectors,k, in reciprocal space.

However, the electronic wave functions at closely spacedk-points are almost identical and, there-

fore, the electronic states and the total energy may be calculated by carefully choosing a special

set ofk-points in the Brillouin zone to represent the wave functions over a larger region ofk

space [13]. In practice, calculations should be performed until the total energy is converged with

respect to the number ofk-points sampled.

The periodicity of the cell periodic part in equation 2.16f i;k (r ) is such that it satis�es

f i;k (r ) = f i;k (r + R) for all lattice parametersR so that it too may be expanded as a set of
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plane waves with wave vectorsG satisfying the expressionG:R = 2�m (for integerm). The

resulting basis set is a superposition of plane waves with expansion coef�cientsci; k + G :

	 i;k (r ) =
X

G

ci; k + G ei (k + G ):r : (2.18)

In principle, an in�nite number of such plane waves is required to fully describe the Kohn-Sham

orbitals. However, in practice, the basis set is truncated at a cut-off energyEc, expressed in terms

of the kinetic energy of a free electron with wave vector equal to that of the highest wave vector

in the basis set:

Ec =
jk + Gj2

2
: (2.19)

That is, only the discrete set of plane waves of energy lower thanEc are included in the wave

function expansion. The justi�cation of this approximation is explored further in the next section.

Plane wave basis sets have many advantages in periodic systems. They are complete and have

a single convergence criterionEc, which may be increased to converge the quantity of interestto

arbitrary accuracy (within all other approximations). Importantly, they are unbiased, so that all

space is treated with equal accuracy. As a consequence, plane waves are completely transferable,

unlike minimal sets of localised, atom-centred basis sets,which may need re-optimisation for

each new environment. The lack of bias, however, also means that free space incurs the same

computational cost as regions of interest. The extra cost isparticularly relevant in this work,

where the study of surfaces requires large regions of vacuumbetween surface slabs to prevent

�ctitious interactions between them. This is an example of the supercell approach, illustrated

in Fig. 2.1, in which an aperiodic system is converted into a periodic system so that it may be

treated by standard solid state electronic structure methods.

2.1.7 Pseudopotentials

In the previous section, we have introduced two further approximations to make the implemen-

tation of DFT feasible, namelyk-point sampling and a basis set energy cut-off. At �rst sight, it

seems that the second approximation is too drastic. It is well known that electronic wave func-

tions vary rapidly close to the atomic core, requiring high frequency, and hence high energy,

plane waves to describe them.

The electrons in an atom may be separated into two types: coreelectrons, which are tightly

bound to the nucleus, and valence electrons, which primarily determine the binding properties of

solids. Valence electron wave functions are slowly varyingin the bonding region, but, to maintain
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Figure 2.1: Supercell geometry for a bulk-terminated Si(100) surface. The periodic cell is indi-
cated by dotted lines. The vacuum gap between periodic images of the surfaces must be large
enough to prevent �ctitious interactions between periodically repeated layers.

the condition of orthogonality with the core electrons, �uctuate rapidly closer to the nucleus. In a

plane wave basis, the cut-off energy required to describe these rapid �uctuations in an all-electron

calculation would be prohibitively high. The pseudopotential approximation takes advantage of

the fact that core electron states are typically unaffectedby changes in the environment of the

atom to replace the core electrons and nuclear potential by asmoothly varying pseudopotential

that acts on a set of valence electron pseudo wave functions.The new pseudo wave functions

vary less rapidly close to the core and may be expanded in a plane wave basis set of lower cut-off

energy.

The transformation from a set of core electrons moving within a nuclear potential to a pseu-

dopotential description must be performed with care. The valence electron eigenvalues should

be conserved and their wave functions and derivatives should be continuous at all points. In the

case of norm-conserving pseudopotentials, the integral ofthe charge within the core region is

maintained within the pseudopotential approximation. However, it has been found that fewer

plane waves are required for a given accuracy if this �nal constraint is relaxed [14]. Such pseu-

dopotentials are described as ultrasoft and are used throughout this work. For example, a single
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ultrasoft pseudopotential for Si was used to calculate the cohesive energy, that is, the energy dif-

ference between the ground state energy per atom in the bulk and the energy of an isolated, spin

polarised atom. The cohesive energy is converged to 4.55 eV/atom (an error of 2% compared

with experiment) for cut-off energies greater than 200 eV.

2.1.8 The Hellmann-Feynman Theorem

So far, we have only considered optimisation of the ground state electron density in a �xed

external potential, that is, a �xed nuclear con�guration. By considering the external potential

v(r ) in equation 2.13 to be a function of the coordinates of the nuclei r I , the ionic forces may be

calculated according to:

f I = �
dE0

dr I
= �

X

i

d
dr I

h	 i jĤKS j	 i i : (2.20)

The Hellmann-Feynman theorem makes use of the fact that eachelectronic wave function is an

eigenstate of the Kohn-Sham Hamiltonian to re-write the force as:

f I =
X

i

h	 i j �
@̂HKS

@r I
j	 i i � h

@	 i

@r I
jĤKS j	 i i � h 	 i jĤKS j

@	 i

@r I
i

=
X

i

h	 i j �
@̂HKS

@r I
j	 i i � � i

@
@r I

h	 i j	 i i

=
X

i

h	 i j �
@̂HKS

@r I
j	 i i (2.21)

sinceh	 i j	 i i is a constant through the normalisation constraint. This important result naturally

leads to the ability to perform geometry optimisation and dynamical simulation within the DFT

framework. In the case where only the equilibrium con�guration of a set of atoms is required,

a geometry optimisation can be performed using a dynamical simulation in which the kinetic

energy of the electrons and ions are removed from the system.Alternatively, the nuclei can be

moved in a series of steps in a direction calculated from the direction of the ionic forces using the

BFGS conjugate gradients method [15]. The requirement thatthe	 i are eigenstates of the Kohn-

Sham Hamiltonian means that after each step the wave functions must be optimised for the new

ionic con�guration. Since only the ground state ionic con�guration is of interest, the presence of

spurious Hellmann-Feynman forces, which are due to the deviation of the wave functions from

the true ground state, may be tolerated along the path to equilibrium. Once the magnitudes of
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the ionic forces have fallen below some de�ned threshold, the positions of the nuclei and the

corresponding electronic density are said to be converged to the ground state.

In a similar fashion, equations of motion for the lattice vectors of the unit cell may be related

to the stress tensor� �� , which may be determined analytically from the expression:

� �� =
1



dE0

d� ��
: (2.22)

Given these stresses, the lattice vectors of a unit cell of volume
 can be evolved until the total

ground state energy is minimised with respect to the strain tensor� �� [16]. For example, a

geometry optimisation of the eight atom bulk Si unit cell shows an energy minimum for a lattice

parameter of 5.454	A (an error of 0.4% compared to experiment). The total stress on the unit

cell is zero in this equilibrium con�guration.

If, instead of �nding the ground state of the system, we wish to explore local minimum struc-

tures of the potential energy surface at a �nite temperature, then molecular dynamics simulations

can be used. In this method, the nuclear coordinates evolve according to the stepwise integration

of Newton's second law:

M I •r I = f I = �
dE0

dr I
: (2.23)

In this case, the dynamics of the system at each time step is important and the accurate ground

state electron density is therefore required at each stage.Re-optimisation of the wave functions

at each step would be too computationally expensive, but a scheme for extrapolation of the

ground state wave function from the previous steps has been developed that makes �rst principles

molecular dynamics schemes viable [17].
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2.2 Classical Methods

2.2.1 Introduction

The techniques described up to now are generally applied to systems of up to a few hundred

atoms, allowing the accurate determination of ground stateproperties and the simulation of tens

of picoseconds ofab initio molecular dynamics. However, to study the interactions of realistic

device surfaces in a physiological environment, where long-range interactions play an important

part and even the initial stages of protein adsorption take place on the nanosecond time scale,

methods that can be extended to larger numbers of atoms and longer times are required. To

this end, a number of classical molecular dynamics codes have been written, which aim to solve

Newton's equations of motion for many thousands of atoms, interacting via a pre-de�ned classi-

cal force �eld. There is, however, a price to pay in de�ning these interactionsa priori. Once the

classical force �eld is transferred to new environments, asit must be to make new predictions,

there is no way of testing its applicability.

In this work, all large-scale simulations are carried out using the DL POLY molecular dy-

namics package [18], modi�ed to include existing force �elds, which will be discussed in Sec-

tion 2.2.4, and a new force �eld developed as part of this work, which will be described in

Chapter 4. DL POLY has been successfully applied to a range of condensed mattersimulations,

including phase transitions in silica [19], magnesium oxide surface slabs in water [20] and pro-

tein stabilities in solution [21].

In Section 2.2.2, I present the Lagrange formulation of the equations of motion that underlie

classical molecular dynamics. I review methods used for thesolution of the equations of motion,

including systems with constraints, and discuss the use of ergodicity to relate particle trajectories

to macroscopic observables (Section 2.2.3). Section 2.2.4describes the force �elds used in this

work to simulate properties of biomolecules in solution andbulk crystals. Finally, the use of

classical molecular dynamics to calculate bulk and surfacestress (Section 2.2.5) and the use of

DFT results to parameterise atomic charges (Section 2.2.6)are discussed. Further information

may be found in Refs. [22] and [23].

2.2.2 Lagrange Equations of Motion

An important concept for a system ofN atoms is its phase space, consisting of a3N di-

mensional con�guration space (r 1; : : : ; r N ) and a3N dimensional conjugate momentum space

(p1; : : : ; pN ). Hamilton's Principle states that the phase space trajectory of the mechanical sys-
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tem is that for which the action, Z
L dt; (2.24)

is an extremum. The LagrangianL may be expressed in terms of the system's total kinetic

energyT and potential energyV:

L = T(p1; : : : ; pN ) � V (r 1; : : : ; r N ): (2.25)

In order to be a solution to equation 2.24,L must satisfy the Lagrange equations, expressed here

in Cartesian coordinates:

d
dt

�
@L
@_r i

�
�

@L
@r i

= 0; i = 1; : : : ; N: (2.26)

Newton's second law, relating the motion of an atom to the force acting on itf i , which is the

gradient of the potential energy function, follows directly from the Lagrange equations:

L =
1
2

M
NX

i =1

_r 2
i � V (r i ); (2.27)

M •r i = �r i V = f i : (2.28)

Given an initial set of coordinates and velocities, these3N second order differential equations

may be solved using methods outlined in the next sub-sectionto �nd the particles' coordinates

at all later times. The applicability of this method to the real world depends on the quality of the

potential energy function V, which will be discussed in Section 2.2.4.

2.2.3 Integration Algorithms

The Velocity Verlet Algorithm

In order to obtain particle positions and velocities at timet + h from those at time t, it is necessary

to integrate Newton's equations of motion. For this purpose, DL POLY uses the velocity Verlet

scheme [24], which has the advantages of being both simple toimplement and time-reversible.

As shown below, the error in the calculated velocity increases as the cube of the time step, which

is an improvement over the original Verlet algorithm, for which the error increases as the square

of the time step. Performing a Taylor expansion of the coordinates to second order in the time
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steph gives:

r i (t + h) = r i (t) + h_r i (t) +
h2

2
•r i (t) + O(h3)

= r i (t) + h_r i (t) +
h2

2
f i (t)
M

+ O(h3): (2.29)

After updating the forces at the new particle positionsf i (t + h), the new velocities may be

calculated via a similar Taylor expansion:

_r i (t + h) = _r i (t) + h
f i (t)
M

+
h2

2

_f i (t)
M

+ O(h3)

= _r i (t) +
h
2

f i (t) + f i (t + h)
M

+ O(h3); (2.30)

where the �rst order expansionf i (t + h) = f i (t) + h_f i (t) has been used. Particle trajectories may

therefore be calculated by iteratively solving these velocity Verlet equations at each time step.

Constraints

When setting up a molecular dynamics simulation, not only must we decide on a suitable in-

teraction potential and starting conditions, but we must also choose a suitable time step. The

relevant time scale here is the period of atomic bond vibrations in the system. The time step

should be chosen such that the forces are sampled a number of times during one oscillation. For

example, an oxygen molecule has a period of vibration of 21 fs, so a time step of the order of

1 fs would be suf�cient. However, bonds involving hydrogen typically oscillate at least a factor

of two faster [25], requiring smaller time steps, and hence more iterations of the velocity Verlet

algorithm. Instead, to save computational time, the lengths of these bonds are often kept �xed

at their equilibrium values throughout the simulation. TheRATTLE algorithm [26] is used in

this work to integrate Newton's equations of motion with constraints on the lengths of bonds

involving hydrogen and �ts within the velocity Verlet scheme described above. A constraint� ij

between two atomsi andj is de�ned in terms of their equilibrium separationdij :

� ij = jr i � r j j2 � d2
ij = 0: (2.31)

And, by differentiation, a similar constraint can be de�nedfor their velocity:

( _r i � _r j ) � (r i � r j ) = 0 : (2.32)
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The Lagrange equations (equation 2.26) can be extended to systems with constraints, resulting

in the following expression:

d
dt

�
@L
@_r i

�
�

@L
@r i

=
X

j

� ij
@�ij
@r i

; i = 1; : : : ; N: (2.33)

A re-derivation of the velocity Verlet equations now includes the time evolution of the Lagrange

multipliers� ij , which are chosen to satisfy the position and velocity constraints. In the RATTLE

algorithm, the Lagrange multipliers are iteratively adjusted at each time step until the values of

all constraints have fallen below some speci�ed tolerance.

Thermostats

The integration of Newton's equations of motion using the velocity Verlet scheme generates a

set of particle trajectories. These trajectories may be useful for determining mechanistic details,

but if we are to relate them to macroscopic properties of the system, we must make use of the

ergodic hypothesis. An ensemble average, as measured in experiment, is an average over all

systems sharing a common macroscopic state but with different microscopic states. Biological

processes typically occur at room temperature and pressureand are, therefore, in a constant

temperature and pressure ensemble. The ergodic hypothesisstates that a time-averaged property

measured in molecular dynamics is equal to the ensemble average, as long as the simulation

time is long enough that virtually all microstates of the system are sampled. For example, the

conserved quantity in the velocity Verlet scheme is the total energy:

1
2

M
NX

i =1

_r 2
i + V(r i ): (2.34)

As long as the system follows a constant energy phase-space trajectory, the kinetic and potential

energies are free to �uctuate. At equilibrium, the ergodic hypothesis may be used to equate the

time-averaged kinetic energy to the macroscopic temperature � :

hTi = lim
t !1

1
t

Z t

0
T(p1; : : : ; pN )d� =

3
2

NkB � ; (2.35)

wherekB is Boltzmann's constant.

To begin a molecular dynamics simulation, the system is usually �rst heated slowly to the

desired temperature. In this work, the temperature is increased over a number of stages using
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velocity rescaling [27]. In this technique, the momentum ofeach particle is regularly rescaled

by a factor of
p

� 0=� , where� 0 is the target temperature and� is the current temperature. The

total kinetic energy, which is proportional to the square ofthe particles' momenta, is therefore

kept constant at each temperature stage. Once the simulation temperature is reached, velocity

rescaling is continued until the pressure and total energy are roughly constant. At this point,

the production run begins in the microcanonical (constant total energy) ensemble, during which

trajectories are stored and macroscopic properties of the system calculated.

Even after equilibration, drifts in the system temperaturemay be observed as microstates of

different potential energy are explored. A `real' system isconnected to the rest of the universe,

which acts as an essentially in�nite heat bath, maintainingconstant temperature conditions. In

molecular dynamics simulations, the computational cost ofexplicitly representing such a heat

bath would be prohibitively high. Instead, the temperatureis monitored and, if signi�cant devia-

tions from the desired temperature occur, heat is fed into orremoved from the system. This may

be achieved by the velocity rescaling method described above or by more gentle methods, such

as the Berendsen or Nosé-Hoover thermostats [28,29].

2.2.4 Force Fields

As described previously, the key to accurate exploration ofthe phase space of large, complex

systems is a representative potential energy function, or force �eld, V. Such a force �eld should

be simple and easily differentiable, whilst preserving thefeatures of the more accurate, yet time

consuming,ab initio methods that we expect to be important for the dynamical behaviour of

the system.V is usually expressed as sums of two-, three- and, sometimes,four-body particle

interactions and may be written in the general form:

V =
X

1� i<j

Vij (r ij ) +
X

1� i<j<k

Vijk (r ij ; r ik ; r jk ) + : : : ; (2.36)

where the indicesi , j andk run over all atoms of the simulated system andr ij = r i � r j is the

vector connecting atomi with atomj . Classical force �elds are used in this work to describe a

number of systems, ranging from biomolecules in solution tosilicon and silica surfaces.

A Biomolecular Force Field

The DL POLY description of nucleic acids and proteins in the condensed phase is based on the

force �eld that was written down and parameterised by Weineret al. [30]. More recently updated
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by Kollman et al. [31] for use in the AMBER classical MD package [32], this force �eld represents

interatomic interactions as sums of bonded and non-bonded terms:

V =
X

bonds

K r (r � r0)2 +
X

angles

K � (� � � 0)2 +
X

dihedrals

Vn

2
[1 + cos(n� � 
 )]

+
X

i<j

4� ij

" �
� ij

r ij

� 12

�
�

� ij

r ij

� 6
#

+
X

H� bonds

�
A ij

r 12
ij

�
B ij

r 10
ij

�
+

X

i<j

qi qj

r ij
: (2.37)

The terms in the �rst line describe covalently bonded atoms,modelling their interactions with

harmonic potentials for bond lengthsr and bond angles� , as well as controlling the angle�

between planes of atoms through the dihedral term. The spring constantsK r , the equilibrium

bond lengthsr0, the torsional spring constantsK � , the equilibrium bond angles� 0 and the dihe-

dral constantsVn , n and
 are �t to ab initio or empirical measurements of small model systems

designed to capture the essential features of bonding in larger molecules (for example, single

amino acid residues).

The terms in the second line of equation 2.37 account for all non-bonded interactions between

pairs of atomsi andj separated by a distancer ij = jr ij j within some pre-de�ned cut-off length.

The Van der Waals (VdW) interactions are of the standard Lennard-Jones (LJ) form where, for

each pair of atoms, we de�ne� ij =
p

� i � j and� ij = 2 � 1=6(� i + � j ), such that the minimum

energy separationr min
ij is � i + � j andV(r min

ij ) = �
p

� i � j . In the system X–H� � � Y (X, Y = O, N

or S), the interaction between H and Y is described by the hydrogen bond, or 10-12, potential,

which allows �ne tuning of the hydrogen bonding distances and energies.

The �nal term is the long-ranged Coulomb interaction, whichis evaluated via the Ewald sum

for periodic systems [33]. In this method, atomic charges are represented as �xed, partial charges

qi , centred on the atoms. Long-ranged electrostatic forces play a major role in the interactions

of biomolecules with surfaces and so the evaluation of theqi , which will be discussed in Sec-

tion 2.2.6, to a large extent determines the accuracy of suchsimulations. Instead of summing

the potentially in�nite number of pairwise Coulomb interactions between the point charges, the

Ewald method adds a spherical Gaussian cloud of opposite charge to each atom, effectively neu-

tralising the atomic charge at long-range. To return the system to its original state, a similar

Gaussian cloud, this time of the same sign as the atomic charge, is added at each atomic position

and its interactions evaluated in reciprocal space. DL POLY implements the smoothed parti-

cle mesh Ewald method, in which the reciprocal space sum is performed on a rectangular grid,

reducing the scaling of the computational time fromN 2 to N logN [34].

As will be shown in Chapters 5 and 6, the presence of liquid water has a profound effect
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Figure 2.2: The �rst hydration shell of a typical TIP3P watermonomer. The central monomer do-
nates two hydrogen bonds to neighbouring molecules and receives two hydrogen bonds (dashed
lines).

on the adhesive properties of surfaces and it should, therefore, be treated with an explicit water

model that is capable of describing the restructuring of thewater density at a solute surface. In

the TIP3P explicit water model [35], the water molecule is treated as a rigid monomer, interacting

via a classical potential with a similar form to the one described in equation 2.37:

V =
X

i<j

4� ij

" �
� ij

r ij

� 12

�
�

� ij

r ij

� 6
#

+
X

i<j

qi qj

r ij
: (2.38)

Here, the LJ parameters� ij are non-zero only for interactions between pairs of water oxygen

atoms (OW) and theqi are atom-centred partial charges as before (qOW = � 0:834 = � 2qHW ).

With this water model, I have calculated values of 0.99 g/cm3 for the equilibrium density, 2.87	A

for the OW–OW nearest-neighbour distance and 3.14 for the number of hydrogen bonds formed

per monomer, all in good agreement with previous calculations [35]. The nearest-neighbour shell

surrounding a typical water monomer is shown in Fig. 2.2.

Alternative methods to the explicit water models describedabove treat water as a continu-

ous dielectric medium, thus reducing the number of degrees of freedom of the system and the

computational time required. Due to the high electronegativity of the O atom, water molecules

possess an inherent dipole moment. Water molecules are freeto rotate so that their dipole mo-

ments oppose an external electric �eld, thus reducing the Coulombic interaction between a pair

of solvated, charged particles. DL POLY accounts for the dielectric effect of water by reducing

the magnitude of the Coulomb sum as follows:

V =
X

i<j

qi qj

� (r ij )r ij
: (2.39)
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The distance-dependent permittivity� (r ij ) increases linearly with distance, usually with a con-

stant of proportionality in the range 1-10	A � 1 [36]. This method aims to determine the elec-

trostatic contribution to the enthalpy of solvation by reproducing the dielectric screening effect

of water. However, it fails to take into account the free energy of formation of cavities around

hydrophobic groups, which is dominated by entropic effects, as well as solvent viscosity and di-

rectionality of protein-water hydrogen bonds. The drawbacks of using this implicit water model

in the study of protein adsorption on material surfaces willbe discussed further in Chapter 6.

More sophisticated methods do exist, such as the Generalised Born Approximation, which take

into account the geometry of the molecule embedded in the dielectric medium [37].

It should be noted here that in more recent versions of the biomolecular parameter sets [31],

the hydrogen bond potential was removed in favour of additional LJ interactions. Parameterisa-

tion was then performed on systems in the presence of explicit water molecules, improving the

force �eld's ability to predict free energies of solvation.However, the implicit water parameter

set used in this work, in which the Coulomb interaction was reduced by a distance-dependent di-

electric during parameterisation, has been shown to give very similar results to the explicit water

parameter set [30].

The Stillinger-Weber Potential

The standard biomolecular force �eld as described by equation 2.37 may be suitable for mod-

elling the dynamics of covalently bonded molecules in solution, but it is, in general, unsuitable

for bulk crystals in which we may want to describe large deviations from equilibrium, such as

occur in the melting process. Similarly, LJ interactions are able to reproduce properties of bulk

water and lique�ed noble gases, but are incapable of describing tetrahedral bonding in crys-

tals. For these reasons, Stillinger and Weber (SW) developed a new potential energy function to

model solid and liquid forms of Si [38]. As in equation 2.36, the SW potential consists of two-

and three-body terms:

Vij = A[Br � 4
ij � 1]exp(� (r ij � a)� 1); (2.40)

Vijk = � exp[
 (r ij � a)� 1 + 
 (r ik � a)� 1](cos�j ik � cos�0)2: (2.41)

A, B , � and
 are variable parameters chosen such that the diamond structure is the most stable

low-pressure form of Si.a is the cut-off length above whichVij andVijk are both zero, with

no discontinuities in their derivatives.Vijk helps to maintain the crystal structure by both pe-

nalising deviations of nearest-neighbour bond angles fromthe tetrahedral angle� 0 and, at the

same time, preventing encroachment of second nearest-neighbours within the cut-off distancea.
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Using the SW potential, I reproduce the experimental bulk Silattice parameter (to within 0.5%),

as expected.

A Classical Potential for silica

In silica, the majority of the most stable crystalline polymorphs consist of different arrangements

of Si(O1=2)4 tetrahedra. The formation of these insulators is accompanied by a charge transfer

from Si to O, resulting in an alternating network of Si4+ and O2� species. A classical potential

for silica must therefore, at the very least, contain stericrepulsion to account for ionic sizes

and Coulomb interactions between charged ions. A potentialdue to Vashishta et al. (VP) [39]

incorporates these two terms, along with a charge-dipole interaction to include the effect of the

polarisability of the larger O2� ions:

Vij =
Cij

r � ij
ij

�
1
2(� i q2

j + � j q2
i )

r 4
ij

exp(� r ij =b) +
qi qj

r ij
: (2.42)

The exponents in the steric repulsion� ij are assigned integer values. The electronic polarisability

� i of the relatively small Si4+ ion is neglected and that of the O2� ion taken from experiment. The

remaining constantsCij , b andqO (= � 1
2qSi ) are chosen to reproduce the melting temperature

and pressure at the experimental density. The O–Si–O and Si–O–Si three-body interactions

are of the same form as the SW potential (equation 2.41). The ideal Si–O–Si angle� 0 is set

to 141� and the three-body cut-off distancea is decreased to discourage the growth of edge-

sharing tetrahedra. This classical potential has successfully reproduced the relative stabilities and

densities of common crystalline silica polymorphs [39], aswell as bulk and surface properties of

the glassy, amorphous state [39,40]. An analysis of the structural properties of amorphous silica

will be presented in Chapter 3.

2.2.5 Stress Evaluation

As well as determining the dynamical evolution of the system, the interatomic forces, de�ned

as the gradient of the potential energy function (equation 2.28), can also be used to calcu-

late the macroscopic stress. It is useful to consider the time-averaged stress tensorh� �� i on

a periodically-repeated molecular dynamics simulation cell as a momentum �ux, or the momen-

tum crossing a plane of unit area in unit time [22]. The �rst contribution to this momentum �ux
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is that carried by atoms across the plane and is given by kinetic theory:

h� kin
�� i =

1



X

i

M _r �
i _r �

i ; (2.43)

where� ,� = x,y,z and
 is the simulation cell volume. The second contribution is due to inter-

atomic forces acting across the plane and is evaluated via the virial theorem, which may also be

generalised to periodic systems:

h� for
�� i =

1



X

i<j

f �
ij r �

ij : (2.44)

The sumh� kin
�� + � for

�� i gives the time-averaged stress tensor for the simulation cell.

In the description of bulk properties, the stress tensor is auseful quantity since it is inde-

pendent of the dimensions of the simulation cell – doubling the area of one face doubles the

momentum �ux across it. However, in the study of surfaces, itis only the surface atoms that

contribute to the net force on the cell [41] and so the surfacestress is better de�ned as:

g�� =
1
2

ah� �� i ; (2.45)

wherea is the supercell height perpendicular to the surface [42]. Now the surface stress is

independent ofa, allowing direct comparison between values calculated in different simulations.

The concept of stress will be re-visited during the description of my work on oxidation of an Si

surface in Chapter 3 and in the evaluation of the work of adhesion between a surface slab and its

periodic image in Chapter 5.

2.2.6 Estimation of Atomic Charges

As discussed in Section 2.2.4, the long-ranged Coulomb termin equation 2.37 is an important

factor in the strength of non-bonded interactions between surfaces and their external environ-

ment. In Section 2.1, the Coulomb interaction was separatedinto the nucleus-nucleus repulsion,

the electron-nucleus attraction and the electron-electron repulsionU[n] which is calculated via

the ground state electron density. In classical molecular dynamics, in the interests of compu-

tational ef�ciency, the smoothly varying electronic ground state density and array of nuclear

charges must be replaced by a system of discrete, atom-centred partial charges. The question of

how to perform this transformation is the subject of the current section.

As discussed in Section 2.1.6, a plane wave basis set has manyadvantages when describing

periodic crystals. However, it is not the natural basis for describing local atomic properties and



26 2. THEORETICAL BACKGROUND

it must �rst be projected onto a basis set consisting of a linear combination of atomic orbitals

(LCAO), where the chosen electronic orbitals correspond tothe valence shells of the atoms of

interest [43]. A Mulliken population analysis [44] may thenbe performed to assign a partial

charge to each atom and to calculate an overlap population, which reveals the nature and strength

of the bonding. Mulliken analyses have been shown to providea good measure of charge transfer

and ionicity in bulk materials, but the absolute magnitudesof the charges obtained are heavily

dependent on the choice of LCAO basis set and carry little physical signi�cance [45]. Mulliken

charges are used in this work to calculate relative oxidation states, rather than to assign atomic

point charges.

An alternative approach to determining atomic charges is to�t the electrostatic potential of

the classical point charges to an existingab initio calculated electrostatic potential [46, 47]. The

electrostatic potential� , calculated outside the VdW radius of the molecule so as to include the

effects of both the nuclei and the electronic charge, is a good indicator of the effective partial

charges and polarisation within the molecule. For a unit positive charge at a pointr i , � is de�ned

within quantum mechanics as:

� QM
i =

X

J

ZJ

jr i � r J j
�

Z
d3r 0 n(r 0)

jr i � r 0j
; (2.46)

where the notation of Section 2.1 has been followed in labelling the contributions of the nuclei

and electron density. In the same way, we may de�ne the classical electrostatic potential for a

system of partial, atom-centred monopolesq as:

� Cl
i (q1; q2; : : : ) =

X

J

qJ

jr i � r J j
; (2.47)

The charges that give the optimum least-squares �t to theab initio electrostatic potential (ESP

charges) are those that minimise the function
P

i (�
QM
i � � Cl

i (q1; q2; : : : ))2, subject to the conser-

vation of the total molecular charge. In practice, ESP charges are calculated for a certain atom

type in a range of small test molecules and generalised to allconformations of that atom type.

The transfer of the charges obtained using this procedure todifferent environments, such as alter-

native solvent models, should therefore be undertaken withcare. This issue is discussed in more

detail in Section 4.3, where a classical non-bonded interaction potential between the oxidised Si

surface and water is parameterised using DFT calculations.
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2.3 Summary

In this chapter, I have outlined the two simulation strategies to be used in this thesis. Quantum

mechanics, within the DFT formalism, will be used in the combined static and dynamical studies

of impurity segregation and stress development during oxidation of the Si surface. Mulliken

population analyses and surface stress calculations will be the main tools to characterise the

resulting surfaces. A classical force �eld will then be parameterised from DFT results with

the aim of modelling larger length scales and longer time periods whilst capturing the essential

features of theab initio simulations. Finally, classical molecular dynamics studies of realistic

Si surfaces in the presence of water and proteins will give usa deeper understanding of the

interactions of such devices in a physiological environment.
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Chapter 3

Surface Characterisation

A THOROUGH UNDERSTANDING of the behaviour of Si and amorphous silica is of great

importance in the microelectronics industry, for example in silicon-on-insulator device

manufacture, where the insulating thermal oxide of Si acts as a high dielectric substrate for the

semiconductor. The Si surface is passivated under normal conditions by a thin (� 5 	A) native

oxide layer, which determines the response of the device to its external environment. In this

chapter, I analyse the changes in surface chemistry, stressdevelopment and impurity segregation

during formation of this oxide layer throughab initio simulation. The lack of long-range order

in amorphous silica, makes a similar treatment of this system too computationally expensive.

Instead, I generate an amorphous silica surface with the aidof classical molecular dynamics, for

use in later simulations of wafer bonding.

3.1 The Natively Oxidised Si(100) Surface

3.1.1 Introduction

Interactions between Si-based microelectromechanical systems (MEMS) and their external en-

vironment are particularly important when their surfaces are in contact with an atmospheric or

physiological milieu (see Chapter 6). These interactions,largely of a non-covalent type, directly

involve the natively oxidised Si surface and are thus strongly dependent on the distribution of

charged species within the oxide layer. Such charge distributions may be affected by P and B

dopants present in the Si bulk, if they tend to segregate intothe oxide layer. Experimental and

theoretical investigations [48, 49] have established thatP and B dopants segregate to the bare

Si(100) surface in order to saturate dangling bonds and relieve strain in the Si lattice caused by

29
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size mismatch between the Si and dopant atoms. This combination of chemical and mechani-

cal effects is expected to have a similar effect on impurity segregation into the thin native oxide

surface layer that spontaneously forms on Si in the presenceof oxygen. However, the detailed

behaviour of such dopants during and after the oxidation process remains unclear and is currently

the subject of a number of theoretical and experimental studies.

To address the issue of P segregation at the Si/SiO2 interface, secondary ion mass spec-

troscopy (SIMS) has been widely used since it is capable of measuring compositions varying

over several orders of magnitude as a function of depth. SIMSexperiments reveal a decrease in

the concentration of P dopants of up to 50% on removal of the oxide layer, although the lim-

ited resolution of the experiment makes it impossible to determine whether these dopants were

present in the oxide layer or at the interface [50]. On the other hand, inductively coupled plasma

mass spectrometry measured just 2% of the initial dose of P atoms in the oxide layer after oxi-

dation at 850� C, with the majority shown by precise SIMS pro�les piled up onthe Si side of the

interface [51]. These results are consistent withab initio simulations of such interfaces [52,53],

in which it is found that P atoms avoid forming P–O bonds and are stable at threefold-coordinated

defect sites, introduced during the oxidation process. At dopant concentrations above 0.01 nm� 3,

P atom pairs dominate with the interface accommodating the stress induced by bond deformation

around the resulting defect.

In contrast to the Si/SiO2 dielectric interface, there have been relatively few studies of im-

purity segregation at the interface between Si and its ultrathin native oxide. Such an interface

contains a high concentration of defects (approximately 0.1 nm� 2 [52]), in the form of Si dan-

gling bonds. SIMS experiments on a Si(100) native oxide report P segregation into the oxide

layer at room temperature, which increases with annealing [54]. However, these measurements

are taken at very high doping concentration (0.5 nm� 3) and possible pile-up at the interface can-

not be observed since the oxide layer is thin compared to the SIMS resolution. Auger electron

spectroscopy data of a similar interface showed no spectralline corresponding to oxidised P [52].

There has been similar uncertainty among studies addressing the segregation behaviour of

B impurities. A theoretical study of the Si/SiO2 interface has proposed that B segregates to

threefold-coordinated O vacancies in the oxide layer [55].This is in response to experimental

observations, reporting B diffusion through thin oxide layers during annealing of doped polysil-

icon [56], and SIMS pro�les, revealing a sixfold excess of dopant atoms on the oxide side of the

interface compared with the Si side [57]. On the other hand, recent reports suggest that surface

peaks in B doped samples are artefacts of the SIMS analysis and the presence of B in the oxide

is not con�rmed by other techniques, which are known to be accurate at high doping concen-



3.1. THE NATIVELY OXIDISED SI(100) SURFACE 31

tration [58]. An energy-�ltered transmission electron microscopy B pro�le of a clean Si(100)

surface, doped to a concentration of 50 nm� 2, shows a peak at a depth of 60	A [59]. The sample

was shown to have a native oxide depth of approximately 15	A, which would place the B peak in

the strained Si layer below the interface. This result is supported by high-resolution Rutherford

backscattering spectroscopy, which reveals that B is concentrated beneath the native oxide layer

that is formed after B implantation [60].

In this section, I aim to gain a basic understanding of the formation mechanisms of a native

oxide layer on the Si(100) surface in the presence of P and B impurities by performing combined

static and dynamical �rst-principles simulations based onDFT. Both the changes in Si coordi-

nation and the evolution of surface stress that occur duringthe formation of the native oxide

layer on the bare p(2� 2)-reconstructed Si(100) surface will be investigated. Thereactivity of the

resulting surface towards water adsorption will be interpreted in terms of the charge distribution

and surface stress in the oxide layer. I will then perform total energy calculations of dopant sub-

stitution into various sites of bare and natively oxidised surface models. These static calculations

are able to discriminate the thermodynamically stable dopant positions, but are limited by the

number of con�gurations that may be investigated. Therefore, I complement the static approach

by performing a series of �rst principles molecular dynamics (FPMD) simulations of native ox-

ide growth in the presence of surface dopants. Apart from thechoice of the initial conditions,

dynamical simulations are unbiased regarding the possiblereaction paths, and reveal mechanistic

details, which are otherwise very dif�cult to access experimentally.

3.1.2 Methods

Total energy calculations are performed within spin-polarised DFT, as implemented in the CASTEP

code [9]. The gradient-corrected exchange correlation functional generated by Perdew, Burke

and Ernzerhof [12] is employed, along with ultrasoft pseudopotentials to represent electron-ion

interactions. Wave functions are expanded in plane waves upto a kinetic energy cut-off of 400 eV

and a Gaussian smearing function of width 0.01 eV is applied to the electronic occupancies. With

this choice of parameters, energy differences were found toconverge to within 0.01 eV per sim-

ulation cell, in selected test cases. The equilibrium bond length and cohesive energy of bulk

Si were calculated to be 2.36	A and 4.55 eV/atom respectively (the corresponding experimental

values are 2.35	A and 4.63 eV/atom [61]).

Molecular dynamical simulations [3] are performed as above, with a decreased plane wave

energy cut-off of 300 eV and a time step of 1.5 fs. Most of the simulations are performed within

the microcanonical ensemble. Where temperature constraints are required, a Nosé-Hoover ther-
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mostat with a 15 fs relaxation time is employed. Convergencecriteria for determining minimum

energy structures are set to10� 4 eV/atom for energy changes and 0.2 eV/	A and 0.01	A for ionic

forces and displacements respectively.1 Unless otherwise stated, atomic charges are computed

via a Mulliken population analysis by projecting the groundstate wave functions onto a basis

consisting of s and p atomic orbitals [45].

Calculations on the Si(100) surface are performed using a periodically repeated2� 2 surface

slab, sampling the Brillouin zone with twok-points at(0; � 0:25; 0:25) [13]. The surface model

consists of 64 Si atoms arranged in eight layers and separated, in thex direction, by a vacuum

layer equivalent to a further eight layers. The surface energy per atom of such a slab is de�ned

as: 
 = ( Es � Eb)=ns, whereEs is the total ground state energy of the 64-atom surface model,

Eb is the energy of a corresponding bulk model without any vacuum layer in thex direction, and

ns is the total number of surface atoms, 16 in this case.

3.1.3 Reconstruction of the (100) Surface

Cleaving a Si crystal along the (100) plane leaves each surface atom with two dangling bonds

and a high charge density between the surface atoms (Fig. 3.1(left)). To stabilise this structure,

the surface atoms relax to form a series of alternating buckled dimers with a length of2:35 	A and

a buckling angle of21� [62], known as a p(2� 2) reconstruction (Fig. 3.1 (right)). The calculated

surface energy
 of the reconstructed surface is1:15 eV/atom [63], consistent with the energy

required to break one bond per atom in bulk Si (1:14eV/atom). A Mulliken population analysis

reveals that the dimer reconstruction is accompanied by a redistribution of charge from the down

dimer atom (+0.14 e� ) to the up atom (-0.07 e� ). This charge transfer corresponds to a change

of orbital hybridisation of the down and up dimer atoms from sp3 to sp2 and p3 respectively, and

has been shown to in�uence the pathway of oxygen chemisorption onto the bare surface [64].

The redistribution of electronic charge in the dangling bonds due to cleavage of the crystal in

the (100) plane results in the presence of surface stress. For symmetry reasons, this is diagonal in

the reference frame with axes parallel (k) and perpendicular (? ) to the dimer bonds. Following

the discussion in Section 2.2.5, the two surface stress components are de�ned by the relations:

gk =
1
2

a� k; g? =
1
2

a� ? ; (3.1)

1In selected test cases, we have lowered the convergence threshold on the forces to 0.05 eV/	A, obtaining changes
in energy differences smaller than 0.05 eV. For instance, the differences in surface energy between a truncated and
p(2� 2)-reconstructed Si surface are 1.153 eV/atom and 1.149 eV/atom for thresholds of 0.2 eV/	A and 0.05 eV/	A,
respectively. Moreover, the energy differences of a B impurity in the most stable substitution site with respect to the
bulk are -0.75 and -0.78 eV for the two thresholds above.
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Figure 3.1: The bulk-terminated (left) and p(2� 2)-reconstructed (right) Si(100) surface. The sur-
face atoms pair to form dimers, reducing the stress parallelto the bonds (k). The relatively large
bond length between the second and third layers is indicative of residual tension in this direction.
The stress perpendicular (? ) to the dimer bonds originates from the large angle between the up
dimer atom and its second layer neighbours. In the third and fourth layers, atoms lying on A sites
are directly beneath dimer rows, while the B sites are situated between the dimer rows and are in
tension.

gk g? gk � g?

bulk-terminated 1.78 0.32 1.46

p(2� 2) (this work) 1.11 0.52 0.59

p(2� 2) [65] 1.33 0.51 0.82

Table 3.1: Components of the surface stressg (N/m) for the Si(100) surface before and after
reconstruction.

where� k and� ? are the components of the stress tensor in the surface plane and a is the height

of the periodically repeated supercell. In all calculations, the lattice parameter in the surface

plane has been kept �xed at the bulk equilibrium value, and the stress component in the direction

perpendicular to the surface was equal to zero.

The calculatedg components of the bulk-terminated and p(2� 2)-reconstructed Si(100) sur-

face are summarised and compared to previousab initio simulations [65] in Table 3.1. As thor-

oughly discussed in [41], upon truncation of the bulk, the lone electrons tend to pull the surface

atoms together to form dimers in thek direction, resulting in high surface stress. This is largely

reduced by formation of buckled dimers, but a residual tension remains, which is consistent

with longer Si–Si bonds between atoms of the second and thirdlayers beneath the dimer rows
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(Fig. 3.1). The bond angles at the down atom of each surface dimer are120� , 119� and118� ,

close to ideal sp2 bonding. However, the bond angle between the up dimer atom and its two

neighbours in the second layer is99:5� , considerably larger than the90� required for ideal p3

bonding. This leads to an increased tensile stress component g? in the p(2� 2)-reconstructed sur-

face with respect to the bulk truncated surface. Because of the positive stress anisotropygk � g? ,

alignment of the dimers in the direction of an externally applied compressive stress is expected

to be energetically favourable. Indeed, experiments show that the populations of domains com-

pressed along the dimer bond increases at the expense of domains compressed perpendicularly

to the bond [66].

3.1.4 Oxidation of the Bare Si(100) Surface

Stress Development

We have seen in the previous section how structural featuresof the bare surface reconstruction are

linked to redistribution of charge and surface stress, which I will show later to be important fac-

tors in controlling the segregation of impurities. Under normal atmospheric conditions, however,

the Si surface is passivated by a thin oxide layer. In ref. [64], the oxidation of the Si(100) surface

in a dry environment has been investigated by means of FPMD simulations. In good agreement

with medium-energy ion scattering experiments [67], it wasfound that oxygen spontaneously

adsorbs onto the bare surface up to a coverage of 1.5 monolayers (ML). At higher coverages,

further oxide growth becomes limited by diffusion of O2 molecules to the reactive Si/SiOx inter-

face. The charged Si species found in the �nal structure obtained in [64] after adsorption of six

O2 molecules ranged from Si+ to Si4+ .

It is interesting to follow the development of stress in the partially oxidised surface at increas-

ing oxygen coverage. I have fully relaxed all the structuresobtained after each FPMD simulation

in [64], keeping the lower surface of the slab p(2� 2)-reconstructed. The surface stress is then

calculated as for the bare surface, except that, upon reaction with oxygen molecules, the symme-

try of the dimer bonds is broken and shear components appear in the surface stress tensor. The

total surface stressg may be de�ned as the basis invariant trace of the stress tensor � �� computed

in a supercell of heighta:

g =
1
2

a Tr(� �� ) =
1
2

a(� yy + � zz): (3.2)

In order to isolate the development of stress in the oxide layer at the top of our surface slab, the

total surface stress of the bottom p(2� 2)-reconstructed surface (0.81 N/m) is subtracted from all

of the results.
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Figure 3.2: Evolution of total surface stressg (N/m) during growth of an oxide layer on the
p(2� 2)-reconstructed Si(100) surface (top view) at increasing oxygen coverages� (ML). O
atoms are shown in red and the model supercell is representedby the dotted line. Dimer bonds
between �rst layer atoms in the bare surface are indicated byasterisks. Adsorption sites leading
to decrease of stress with respect to the bare surface are indicated by arrows (see text).

The evolution of the total surface stress as successive O2 molecules react with the surface

is summarised in Fig. 3.2. The tensile stress initially present in the bare surface reduces after

reaction of the �rst molecule. In the �nal structure obtained, one O atom is adsorbed into a dimer

bond, relieving the tension parallel to the bond direction (Fig. 3.2, red arrow). The second O atom

binds between one up dimer atom and the neighbouring dimer (Fig. 3.2, blue arrow), breaking

a bond to the second layer (black arrow) and relaxing the tension in the direction perpendicular

to the dimer. Similar events lead to a further stress decrease after adsorption of a second and a

third oxygen molecule. However, at a coverage of 1.25 ML, a backbone of alternating Si and O

atoms develops in the surface oxide structure and extends over the neighbouring simulation cells

due to the periodic boundary conditions employed. The formation of this continuous oxide layer,

given the constraints exerted by the underlying crystalline bulk, results in a sudden appearance

of a large tensile surface stress.

The stress values obtained in this work are in reasonable agreement with the experimentally

measured tensile stress of 0.26 N/m per monolayer of oxygen [68]. An absolute comparison
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a) b) c)

Figure 3.3: Proposed mechanism for the adsorption of water onto the natively oxidised Si surface
(side view) and the relevance to crack propagation. a) The �rst step involves the donation of a
hydrogen bond (broken line) from the water to the surface andthe transfer of electrons to the Si
site (curly arrow). b) The transition state following dissociation of the water molecule. c) The
dissociative adsorption process has broken the Si–O bond (dashed line) as a possible �rst stage
towards the propagation of cracks perpendicular to the surface.

is dif�cult, since in [68] the authors assume a linear relationship between oxygen coverage and

surface stress, which is not observed here. Moreover, the periodic boundary conditions which

we apply to a small surface cell may exert a constraint on the extended network of Si–O bonds

and result in an overestimation of the calculated stress. However, this is not expected to affect

either the observed stress evolution or the local environment of impurity atoms substituted into

the oxide layer, which will be investigated in Section 3.1.6.

Water Adsorption onto the Oxidised Surface

The average Si–O bond in the fully oxidised structure in Fig.3.2 is3 %longer than in the absence

of surface stress, at a coverage of 0.75 ML. The presence of tensile surface stress is expected to

drive dissociative water adsorption on the native oxide layer [69]. The signi�cance of this water

adsorption to the propagation of cracks in natively oxidised Si is suggested by experimental

observation of enhanced crack growth in silica in the presence of water [70]. As described in

Fig. 3.3, it is proposed that the �rst stages of water adsorption consist of i) the formation of a

hydrogen bond between a hydrogen atom on the water molecule and a surface oxygen atom,

and ii) the donation of a water lone pair onto an electrophilic Si surface site. Dissociative water

adsorption then promotes breaking of Si–O bonds in the oxidelayer, exposes reactive sites and

thus facilitates further oxidation reactions.

In Ref. [69], FPMD simulations predict the adsorption and dissociation of a single water

molecule into the fully oxidised surface under conditions of either no externally-applied strain or

10%tensile strain. However, under a compressive strain of 10%, no such adsorption is observed.

In light of the reaction scheme described above, I have performed Mulliken analyses of three fully
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Si-1 Si-2 O-3 O-4

10 % tensile +0.34 (0.68) +0.48 (0.74) -0.65 -0.63

unstrained +0.42 (0.76) +0.51 (0.76) -0.69 -0.67

10 % compressive +0.44 (0.82) +0.42 (0.80) -0.75 -0.73

Table 3.2: Mulliken charges of the numbered atoms in the oxide structure at a coverage of
1.5 ML, shown in Fig. 3.2, subjected to isotropic strains. Sid orbital occupancies are given
in brackets and charges are multiples of the electronic charge. In general, as the tension is in-
creased, the magnitude of the Si–O charge transfer decreases and the Si d orbital occupancies
decrease.

oxidised Si(100) surfaces. The �rst was performed on the fully relaxed, unstrained surface, the

�nal two on surfaces strained by 10% isotropically in the y and z directions, one in compression

and the other in tension. Here, the Poisson ratio is neglected, that is, the lattice parameter in the

direction perpendicular to the surface has not been adjusted to compensate for the stress induced

by straining in the surface plane. In all cases the ground state has been projected onto a basis

consisting of Si s, p and d orbitals and O s and p atomic orbitals.

Table 3.2 summarises the results of the Mulliken populationanalysis. The FPMD simula-

tion of Ref. [69] suggests that the water molecule preferentially adsorbs onto site Si-1 in the

fully oxidised structure in Fig. 3.2, and so I concentrate onthis atom and its neighbours (la-

belled 2-4 in Fig. 3.2). At �rst sight, increasing the tension would seem to hinder the pathway

for adsorption. The Mulliken analysis indicates that, under these conditions, the Si–O charge

separation decreases, thus decreasing the electrostatic attraction between Si-1 and the lone pairs

of the water molecule and making conditions less favourablefor step one of the reaction shown

in Fig. 3.3. However, under tensile strain, the electronic occupancies of the d orbitals on both

Si atoms actually decrease. This decrease in electronic occupancy upon stretching of the Si–O

bonds implies that the most important factor for dissociative water adsorption onto the natively

oxidised Si surface is the donation of lone pair electrons into the partially �lled Si d orbitals.

The adsorption of a single water molecule onto the native oxide layer in the absence of

externally-applied strain in Ref. [69] was found to expose further reactive sites to attack by wa-

ter, and then, oxygen molecules. The oxidised and partiallyhydrated surface structure obtained

in this series of FPMD simulations after the adsorption of seven oxygen and two water molecules

is shown in Fig. 3.4. This forms theab initio reference structure for the classical potential to be

developed in the next chapter. The resulting concentrationof 4 hydroxyl groups on a 1.2 nm2

surface is consistent with values ranging between 2.6 and 4.6 OH/nm2 measured experimentally
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Figure 3.4: Side and top views of the hydroxylated native oxide layer on Si(100). O atoms either
bridge two Si atoms or form part of a terminating hydroxyl group. The oxidation states of the 13
oxidised Si atoms range from Si+ to Si4+ .

on amorphous silica surfaces [71, 72] (see Section 3.2.1). The 13 oxidised Si atoms in the �nal

structure show variable formal valence charges ranging from Si+ to Si4+ , in ratios which are

roughly consistent with the available experimental literature [67]. I have performed a Mulliken

population analysis of this structure (projecting the ground state wave functions onto a basis

consisting of s and p atomic orbitals) and found that the charges on the Si atoms increase approx-

imately linearly with the number of nearest-neighbour O atoms, which act as electron acceptors

(Table 3.3).

As discussed earlier in this chapter, surface oxidation in adry environment is accompanied

by the development of tensile surface stress up to 2.9 N/m at acoverage of 1.5 ML. Using the

same method, I have calculated the surface stress present inthe relaxed hydroxylated native

oxide, obtaining a value of 2.5 N/m (after subtracting the surface stress of the bottom hydrogen-
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Species Mulliken Charges Average

Si+ 0.62 0.65 0.46 0.47 0.61 0.56
Si2+ 1.26 1.28 1.28 1.27
Si3+ 1.79 1.82 1.79 1.80
Si4+ 2.30 2.34 2.32

Table 3.3: Distribution of Mulliken charges in the reference structure of an oxidised and hydrated
Si surface obtained in a series of FPMD simulations. Chargesare multiples of the electronic
charge.

terminated surface). This value is slightly lower than for the dry oxidised structure, since the

dissociative adsorption of water on the native oxide has broken strained Si–O bonds, although

the surface clearly remains under tensile stress.

3.1.5 Impurity Segregation at Low Doping Concentration

Before investigating the energetics of dopant substitution close to the Si(100) surface, single

neutral P and B impurity atoms were substituted into a 64 atombulk supercell. The close match

in atomic radii between P and Si caused a variation in bond length of less than 0.01	A and a

negligible decrease in energy on relaxation. Inspection ofthe density of states (DOS) of the

doped system around the Fermi energy shows the presence of donor levels near the conduction

band, as expected (Fig. 3.5 (right)). However, while the excess electron strongly localises close

to the P atom, a depletion of electron density in the bonding regions is visible from an analysis

of the charge density difference with respect to bulk Si (Fig. 3.5 (left)). Indeed, a Mulliken

population analysis reveals that the P atom actually receives some electronic charge from the

surrounding atoms.

In contrast, B dopants are observed to add electron acceptorstates close to the valence band

and accept substantial electronic charge from the neighbouring Si atoms, as shown in Fig. 3.6.

B has a much smaller atomic radius than both P and Si, so the dopant's four nearest-neighbours

relax inwards by approximately 0.25	A upon structural relaxation. The displacement of the

dopant itself is negligible. Previous theoretical work [73] also found little movement of the B

atom, while its nearest-neighbours relaxed inwards by0:2 	A.
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Figure 3.5: (left) Charge-density difference associated with the substitution of a Si atom by
a P dopant in bulk Si. Positive isosurfaces, corresponding to excess electrons on the P site and
neighbouring atoms, are shown in blue. Negative isosurfaces, corresponding to electron depletion
in the bonding regions, are shown in red. (right) Total density of states of the system compared
with bulk Si (dashed line). Donor levels are indicated by an arrow. (inset) Mulliken population
analysis after structural relaxation, revealing that P receives electrons from surrounding atoms.
Charges are multiples of the electronic charge.
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Figure 3.6: As in Fig. 3.5, for the case of B substitution. (left) Charge-density difference with
respect to bulk Si. (right) Total DOS compared with bulk Si (dashed line). Acceptor levels
are indicated by an arrow. (inset) Mulliken charges (as multiples of the electronic charge) after
structural relaxation.
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Figure 3.7: Relative energy of a single, neutral, substitutional P atom (left) and B atom (right)
as a function of depth below the bare Si(100) surface. In the �rst layer, the energy is dependent
on whether the dopant is substituted into the upper or lower site of the buckled dimer. In the
third and fourth layers, the A sites are situated directly beneath the dimer rows and are relatively
compressed while the B sites are situated between the dimer rows and are under tensile stress.
The dashed line represents the energy of an impurity in the bulk, deep below the Si surface.

Phosphorus in the Bare Surface

Focusing initially on P dopants, we turn now to investigate the substitution of impurities close to

the bare Si(100) surface. As in the bulk, P substitution intothe surface layers is not accompanied

by signi�cant atomic or charge redistribution. The close match in atomic radius between Si and

P means that effects due to stress are relatively unimportant, while the extra electron is mostly

localised on the substitutional site. The energy changes associated with the presence of a P

dopant in the �rst four surface layers with respect to the energy value upon substitution in the

64-atom bulk cell are shown in Fig. 3.7. As far as the layers immediately below the surface are

concerned, the small energy changes computed reveal no net driving force for P segregation from

the bulk to subsurface sites. The small differences may be explained by considering the residual

strain in the p(2 � 2) reconstruction. In particular, the relative energetic stabilities of sites in the

third and fourth layers appear to be correlated with the average bond length before substitution.

Namely, in both layers the smaller P atom is unstable betweenthe dimer rows in areas of tensile

stress (position B in Fig. 3.1), while the energy is reduced when the impurity is placed beneath

the rows of dimers in an area of compressive stress (positionA).

A signi�cant enhancement in stability over the bulk is obtained upon substitution of P for the

upper atom of the surface dimer. Indeed, the p3 bonding features of this site mirror the chemi-

cal environment of P in molecules such as PH3 and PCl3, in which the bond angles are94� and

100� respectively. The stability of this threefold-coordinated site is supported by STM exper-
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Figure 3.8: (left) Mulliken charges (multiples of the electronic charge) of selected atoms in the
bare surface. Surface reconstruction is accompanied by a charge transfer from the down dimer
atom to the up dimer. (centre) P segregates to the up dimer site, where the bond angles are close
to 90� , and further depletes electrons from the down dimer. (right) B segregates to the second
layer, where the bond angles are close to the ideal value of120� for sp2 bonding, and attracts
electrons from all the surrounding surface dimer atoms.

iments where the presence of P–Si dimers has been revealed after dissociation of phosphines

and incorporation of P atoms in the (100) surface at 800 K [48]. Fig. 3.8 (centre) shows the

environment and Mulliken charges around the P atom on the most stable substitutional site, after

relaxation. As in the bulk, the population analysis revealsthat the dopant receives electrons from

its neighbours and, hence, the electron depletion on the down dimer atom is enhanced over the

bare surface.

Boron in the Bare Surface

As in the case of P, two features of the B atom suggest that the minimum energy con�guration

will �nd it at, or near, the Si surface. Its small size causes abuild up of stress in the Si lattice,

which is reduced after segregation to surface sites, and itselectron acceptor properties lead to

saturation of surface dangling bonds. The energy of B dopants at low concentration as a function

of depth below the Si(100) surface is shown in Fig. 3.7. Consistent with the calculations of

Ramamoorthy et al. [49], the minimum energy con�guration corresponds to substitution into the

second surface layer. As shown in Fig. 3.8 (right), this results in attraction of electrons onto

the B subsurface atom increasing the positive charge on bothneighbouring dimers. When the B

atom is in the �rst layer the energy is only slightly higher. In this case, a large structural change

is observed, in which the upper atom in the buckled dimer moves towards the surface by nearly

0:9 	A, causing a �attening of the dimer containing the impurity.

In slight contrast to the �ndings in [49], the energies of thesubstitutional defects in layers

three and four are already comparable with the bulk value. Asin the case of P, the small B atom

is more stable on A sites relative to B sites. Below the secondlayer, there is good correlation

between the average bond length before substitution and therelative energies of the B impurity
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on that site. However, to explain the relatively low energies on surface sites, which are actually

in tension, chemical, rather than mechanical, effects mustbe considered. Namely, the small B

atom favours sp2 hybridisation and, indeed, the trend in energies re�ects the extent to which the

atoms around the impurity can relax to this structure. B is most stable in the second layer, less

stable in the �rst layer, where the bond angles are further from the ideal120� , and least stable

close to the bulk where the con�guration is constrained to sp3 bonding.

3.1.6 Impurity Segregation in the Oxidised Si(100) Surface

In this section, I report the results of a study into the stability of substitutional impurities at an

oxidised Si(100) surface. The model of a thin native oxide layer on the (100) surface (Fig. 3.2)

contains 1 Si4+ , 1 Si3+ , 6 Si2+ and 5 Si+ species. Three of the atoms initially present in the �rst

and second surface layers move below the surface and form no Si–O bonds. The stabilities of

impurities in the oxidised surface were investigated by substitution and structural relaxation of

the dopants on all 16 of these sites.

Phosphorus in the Native Oxide

The dependence of the energy of a single, neutral P dopant , relative to bulk substitution, on

the number of O neighbours is shown in Fig. 3.9 (left). The general trend reveals a decrease in

stability as the number of O nearest-neighbours increases.In other words, in the presence of a

native oxide layer, P is expected to segregate preferentially to the Si side of the Si/SiOx interface.

Substitutions onto Si4+ and Si3+ sp3 sites are accompanied by very little relaxation. The

surface tensile stress remains high and the dopants are unstable. On Si2+ sites there is a large

spread in energies and this may be explained by analysing thesurface relaxation. At the most

stable site, local structural rearrangements of the oxide layer leave the substituted P atom in a

favourable threefold-coordinated con�guration (black arrow in Fig. 3.10 (centre)). Other rear-

rangements of two other Si2+ sites leave the P atom sp3-bonded but do reduce the tensile stress

in the surface, thus slightly lowering the total energy. No such large-scale rearrangements are

observed when P is placed on Si+ sites, where the stability is found to depend only on strain at

the substitutional site. The most stable site is actually compressed relative to bulk Si, despite the

high tensile stress in the oxide layer.

Despite the range of chemical and physical environments present in the oxide layer, none of

the sites discussed above are stable with respect to bulk substitution. In contrast, the results show
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Figure 3.9: Relative energy of a single, neutral, substitutional P atom (left) and B atom (right) as
a function of number of nearest-neighbour O in the oxide layer shown in Fig. 3.2. The general
trend reveals a tendency to avoid forming P–O and B–O bonds. The spread in energies for a
given number of nearest-neighbours may be explained by combined strain and bonding effects.
The dashed line represents the energy of an impurity in the bulk, deep beneath the surface.

Figure 3.10: (left) 16 substitutional sites in the Si(100) native oxide layer. Two Si2+ sites are
indicated by black and blue arrows. One Si+ site (green arrow) is under compression and is
particularly stable for both P and B dopants. The strained Si–Si bond (dashed line) means that P
and B are both stable on the site beneath the oxide layer indicated by the red arrow. Both dopants
move further away so that they are threefold-coordinated and leave an under-coordinated Si atom.
(centre) Relaxed structure of the surface with P substituted onto the Si2+ site. The energy of
substitution is reduced by moving to a threefold-coordinated site. (right) Relaxed structure of the
surface with B substituted onto the most stable Si2+ site, forming a linear O–B–O chain.
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that segregation to any of the three non-oxidised sites at the Si/SiOx interface would be preferred.

In the two most stable con�gurations, P replaces one of the Siatoms in a very strained Si–Si bond

(for example, red arrow in Fig. 3.10 (left)). Substitution of P further increases the length of the

already strained bond, leaving the dopant favourably coordinated by three neighbours close to an

under-coordinated Si atom. These results are consistent with a similar study of the Si(100)/SiO2
interface [52], in which it was found that all structures containing P–O bonds were unstable with

respect to the bulk by at least 0.5 eV in sp3 con�gurations or by 0.1 eV for threefold-coordinated

P. In qualitative agreement with our �nding, Dabrowski et al. also report binding energies of

0.2 eV for sp3 sites and of 1.1 eV for under-coordinated Si defect sites below the interface.

Our results imply that, at low doping concentrations, P should be expelled from the native

oxide layer and pile up on the Si side of the interface. The most stable sites in our model leave an

under-coordinated Si atom after substitution. It is likelythat substitution at defect sites consisting

of just one under-coordinated Si atom would be characterised by a higher binding energy. Also,

at higher doping concentrations, substitution at the remaining under-coordinated Si site to create

a pair of dopants would be expected.

Boron in the Native Oxide

The effect of substituting a B atom onto sites in the native oxide layer is to increase the ten-

sile surface stress by 0.31 N/m, on average, and to deplete charge density on nearest-neighbour

atoms. Analysis of Mulliken charges reveals that B substitution increases the population by an

approximately constant 0.8 electrons relative to Si, irrespective of the speci�c substitution site.

The trend of calculated energy values as a function of increasing numbers of O neighbours

is similar to the case of P, as shown in Fig. 3.9 (right). In general, segregation to the bulk is

preferred to the oxide layer, especially to Si4+ and Si3+ sites. Despite the large size mismatch

between B and Si, the large spread in energies of the Si2+ sites can be explained largely on the

basis of chemical (rather than mechanical) effects. As in the case of the bare surface, the low

energy sites are those that allow B to form bond angles close to ideal sp2 bonding. In the most

stable site, however, the Mulliken charge of B is +1.25 e� , which corresponds to leaving fewer

than two electrons on the B atom. Indeed, the resulting structure is a linear O–B–O chain, in

which B is sp hybridised (blue arrow, Fig. 3.10 (right)). TheSi+ sites are mostly very close in

energy, with the exception of the compressed site discussedabove. The stability of this site is

enhanced in the case of B since the �nal bond lengths are much closer to the ideal B–Si length

than on any other site.

Given the stability of P at under-coordinated defect sites beneath the native oxide layer, it
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Figure 3.11: Relaxed structure of the native oxide layer on Si(100) after double B substitution
on Si sites below the oxide layer (red arrow in �gure 3.10).

is perhaps surprising that B is not as stable on such sites. This may be due to formation of

a Si dangling bond upon B substitution and breaking of the long Si–Si bond (dashed line in

Fig. 3.10 (left)). To investigate this issue, I have replaced the under-coordinated Si atom with

a second B atom (Fig. 3.11). Despite this being an otherwise unstable Si+ site, the energy of

this con�guration is 0.3 eV more stable than the bulk, indicating that B segregation to the native

oxide interface may be enhanced by pairing of impurities.

Previous theoretical calculations of B impurities at a defect-free crystalline Si/SiO2 inter-

face [55] found a binding energy of 0.5 eV on the Si side of the interface, while substitution

into the oxide was unstable by 2.2 eV. This is in agreement with the energy that I computed for

the Si4+ site. In the same paper, the authors �nd that introducing an Ovacancy into the oxide

allows the B atom to relax to an sp2 con�guration, but it is still unstable with respect to the bulk

by approximately 0.5 eV. As the energy can be lowered furtherby terminating the resulting Si

dangling bond with H, they argue that B may segregate into theoxide layer by substituting onto

sites neighbouring O vacancies. Similarly, I �nd here that segregation of impurities is partic-

ularly favourable at under-coordinated sites on the Si sideof the interface, which exist at high

concentration in the native oxide surface, and that the interface may be stabilised by pairing

of impurities. Moreover, despite the general trend of avoiding forming B–O bonds, I �nd that

segregation to locally compressed, partially oxidised sites may be possible.

3.1.7 Native Oxide Growth in the Presence of Surface Dopants

In the previous section, I have performed static total energy calculations with geometry optimisa-

tion to address the energetic stability of substitutional Pand B impurities in a pre-existing native

oxide layer model obtained from FPMD simulations. To substantiate the results of the static
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calculations I now perform a series of FPMD simulations of oxide formation on Si(100) surfaces

initially doped with either P or B. For each system, two impurity atoms have been placed in a 64-

atom simulation cell, in the minimum energy con�gurations predicted in the existing literature

(Figs. 3.12a and 3.13a). In particular, STM experiments [48] reveal the presence of P–Si dimers

at the bare surface, which I found to be more stable by approximately 0.1 eV with respect to P–P

dimers. In the case of B, previous theoretical work predictsthe segregation of pairs of B dopants

into the second layers, joined by two surface dimers, with negligible binding energy compared

with isolated impurities [49].

Initial oxygen chemisorption was investigated by placing two O2 molecules approximately

2.7 	A above the surfaces, in the positions marked by asterisks inFigs. 3.12a and 3.13a. In the

case of the P-doped surface, only one of the two molecules wasattracted towards the surface

and it dissociated after about 440 fs of simulation time according to the hot-atom mechanism

observed on bare Si surfaces [64] (Fig. 3.12b). The O atoms were inserted between a lower

Si dimer atom and the second layer, breaking a P–Si bond. The second O2 molecule had not

adsorbed after 750 fs, when the simulation was stopped. Chemisorption occurred more quickly

on the B-doped surface. After 80 fs, both molecules were within 2 	A of the surface and later

dissociated spontaneously (Fig. 3.13b).

Fig. 3.12 shows further snapshots from the FPMD simulation of the oxidation of the P-doped

surface up to the complete adsorption of six O2 molecules. Characteristic features of the dynam-

ics may be summarised as follows: At low oxygen coverage, O2 molecules bind preferentially

to the Si species, while they are repelled from the surface when placed in starting positions im-

mediately above the dopants. P–O bonds form only occasionally and are, in part, observed to

break during subsequent oxidation. At intermediate coverages, molecules placed above charged

Si species readily adsorb, but do not necessarily dissociate immediately (as shown in Fig. 3.12d).

Dissociation may take place later, resulting in the formation of both bridging Si2+ species and

Si4+ species at a coverage close to unity, as observed in [64]. In the �nal con�guration obtained

(Fig. 3.12f), one P dopant is bound to three Si neighbours, consistent with the thermodynami-

cally stable position found in the static total energy calculations. The second P atom, however, is

bound to two O atoms, most probably trapped in a local energy minimum. Diffusion processes

inaccessible to the time-scale of our simulation may help the atom escape from the oxygen co-

ordination. However, I cannot exclude the possibility thatsuch metastable structures may persist

during oxidation at low temperature, which would lead to a small number of impurities being

found on the oxide side of the Si/SiOx interface.

The development of a thin oxide �lm on the B-doped surface is shown in Fig. 3.13. The
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Figure 3.12: Side (parallel to the dimer rows) and top views of the evolution of the P-doped
Si(100) surface with increasing oxygen coverage,� . a) Starting con�guration showing pairs of
P atoms (labelled 1 and 2) in upper dimer atom positions. Approximate starting positions of O2
molecules for the subsequent simulation are indicated by asterisks.
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Figure 3.13: Side (parallel to the dimer rows) and top views of the evolution of the B-doped
Si(100) surface with increasing oxygen coverage,� . a) Starting con�guration, showing pairs of
B atoms (labelled 1 and 2) in the second layer. Approximate starting positions of O2 molecules
for the subsequent simulation are indicated by asterisks.
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details of the simulations are generally similar to those found in the case of the bare surface or

the P-doped system described above. Hot-atom dissociationof O2 is observed to occur rapidly at

low coverages upon binding to Si atoms neighbouring the B impurities. At increasing coverage,

Si3+ species are observed to form while the B dopants tend to adoptan sp2 bonding con�gura-

tion and to remain segregated beneath the native oxide layer. B–O bonds are observed to form

temporarily, but never to last for more than a few fs. After reaching an oxygen coverage of ap-

proximately 1 ML, incoming oxygen molecules are observed tochemisorb to the oxide structure

and to remain undissociated for a few ps, after which the simulations were stopped. In order to

promote a phonon-mediated dissociation, the system is heated at a rate of 1 K per time step up to

a temperature of 700 K. Following this, the thermostat is switched off and the dynamics contin-

ued microcanonically. Both molecules dissociated within 2ps as a consequence of the annealing.

The �nal structure obtained after adsorption of six O2 molecules is shown in Fig. 3.13f.

For both the P-doped and B-doped surfaces the simulations were performed until an oxygen

coverage of 1.5 ML was reached. The �nal P-doped native oxideconsists of 12 O atoms bonded

to 10 Si atoms, forming 30% Si4+ , 10 % Si3+ , 10 % Si2+ and 50% Si+ species. In the B-

doped structure, 12 O atoms were bonded to 12 Si atoms, forming 8 % Si4+ , 25 % Si3+ , 17 %

Si2+ and 50% Si+ species. These compositions may be compared with that of thenative oxide

layer obtained on the bare surface [64] (12 O atoms bound to 13Si atoms, forming 8% Si4+ ,

8 % Si3+ , 46 % Si2+ and 38% Si+ ) and with the results of a synchrotron-radiation photoelec-

tron spectroscopy study of a cleaned Si(100) surface [67] (approximately 1:1 O:Si stoichiometry,

consisting of 10% Si4+ , 14 % Si3+ , 25 % Si2+ and 51% Si+ ). During the simulations of the

oxidation process, the average displacements of both P and Bdopants perpendicular to the sur-

faces were typically 0.1	A. The mean O atom depth is identical for the P- and B-doped systems.

The P atoms lie 0.6	A and the B atoms 2.0	A below this mean depth. This suggests a mechanism

for oxidation whereby dopant atoms remain at the Si/SiOx interface, while a native oxide layer

gradually builds up above them.

3.1.8 Summary

Given the importance that the electrostatic charge distribution of the natively oxidised Si surface

has on the mediation of the interactions of Si-based deviceswith their external environments, I

have investigated the segregation of P and B impurities during the oxidation of a Si(100) surface.

I have shown that segregation is controlled by a combinationof chemical and mechanical effects.

In the case of the bare surface, these are illustrated by the in�uence of the surface reconstruction

on the stability of P and B substitutional defects. With respect to substitution in the bulk, both
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impurities were found to be more stable by approximately 0.6eV on chemically favourable

surface sites, and to favour sites under local compression within the subsurface layers. Indeed,

the segregation of dopants to the bare Si surface has been shown in Ref. [64] to substantially

in�uence the surface chemistry. By altering the charge distribution on surface dimers, the rate

of oxygen adsorption and dissociation may be increased above the rate observed on the undoped

surface.

Within the context of impurity segregation, I have monitored the changes in chemical and

mechanical environments of the surface during formation ofa native oxide layer. It was found

that surface tensile stress increased during this process,reaching 2.9 N/m for the surface saturated

at a coverage of 1.5 ML. Following further adsorption of two water molecules and one oxygen

molecule, the surface stress fell to 2.5 N/m. The resulting hydroxylated structure contained a

variety of oxidised Si species, whose Mulliken charges increase approximately linearly with the

number of nearest-neighbour O atoms.

Substitution of Si by P and B impurities in the original native oxide layer revealed that stable

substitutional sites are located immediately below (for the case of P) or at (for the case of B) the

Si/SiOx interface. FPMD simulations of oxide growth on doped bare Si(100) surfaces con�rm

this general trend. Few P–O and B–O bonds were formed during the dynamics and segregation

to threefold-coordinated sites was observed for both dopants. In the �nal structures obtained in

the simulation, B is not bound to any oxygen atoms, while two P–O bonds are retained.

It is to be noted that neither a purely static nor a purely dynamic approach, by itself, is

perfectly suited to simulate the real experimental situation. On the one hand, the results of

static total energy calculations may not entirely represent oxidation processes at low temperature,

where the oxide structures may remain in metastable con�gurations. On the other hand, FPMD

simulations are intrinsically limited to local minimum structures of the potential energy surface.

However, taken together, the agreement between the two approaches used here is remarkable

given the very limited size of the system studied and the veryshort time scale accessible to by

the dynamical simulations. The picture emerging from our results is indicative of an oxidation

mechanism whereby the oxide layer grows above those dopantsinitially present on the bare

surface, leaving them trapped at the Si/SiOx interface. Dopants are, therefore, not expected

to substantially in�uence the electrostatic and VdW interactions between natively oxidised Si

surfaces and an external atmospheric or liquid environment. This is precious information for the

construction of the classical force �eld that will be used later in this work to simulate realistic

device surfaces on a larger scale.



52 3. SURFACE CHARACTERISATION

3.2 Silica

3.2.1 Introduction

As a major constituent of the earth's crust, the high pressure and temperature behaviour of silica is

of great geological interest. The low pressure polymorphs of silica are characterised by a network

of Si(O4)1=2 tetrahedra, as found in� - and � -quartz, � - and � -cristobalite and coesite [74].

At high pressure and room temperature,� -quartz has been observed to undergo a structural

transition to stishovite, a high density polymorph [75]. Inthis transition, the Si co-ordination

number increases from four to six and there is a corresponding increase in the length of the Si–O

bond. From examination of the effect of the Si–O bond length on the degree of charge transfer

from Si to O in Table 3.2, we might expect there to be a reduction in the polarity of the bond on

transformation from� -quartz to stishovite. This charge redistribution makes parameterisation of

a classical force �eld more dif�cult and the high pressure transition is better suited toab initio

modelling where no prior knowledge of the atomic charges is necessary.

The surface of the amorphous form of silica forms a natural substrate for many microelec-

tronic devices, particularly in silicon-on-insulator technology where Si is bonded to a wafer of

thermally-grown oxide [76,77]. As in� -quartz, amorphous silica's short-range structure consists

of Si(O4)1=2 tetrahedra, but unlike the crystalline polymorphs, there is no long-range order. A

large simulation cell is required to reproduce this aperiodicity, making it unsuitable forab initio

methods. Instead, a number of classical potentials, exempli�ed by the VP potential described in

Section 2.2.4 have been developed, which aim to reproduce structural properties of bulk amor-

phous silica and its fracture surface. The VP potential predicts an oxygen-terminated surface

containing a number of defects, de�ned by dangling oxygen atoms (O-1) and under-coordinated

Si atoms (Si-3) [40]. Other studies, using alternative interaction potentials [78–80], detect O-1

and Si-3 defects, as well as strained 3- and 4-membered rings, all of which are suggested as

possible sites for water adsorption (ann-membered ring consists of a closed loop ofn cations

bridged by O atoms).

Direct comparison of these theoretical results with experiment is dif�cult, not only because

of the lack of well-de�ned geometric parameters, but also due to the high reactivity of the frac-

ture surface to trace water vapour. Electron spin resonance(ESR) has con�rmed the presence of

Si-3 species at the surface [81], but the existence of O-1 defects is more dif�cult to ascertain. It

has been argued that the absence of any signal due to O-1 in some ESR experiments is due to

rapid surface reconstruction [82], but these results may bedue to hydroxylation of the surface by

trace water vapour. Indeed, electron-energy-loss spectroscopy studies at pressures below10� 7 Pa
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do detect dangling oxygen bonds, which disappear on exposure to water vapour [83]. Further

experiments have been performed to investigate the properties of the hydroxylated amorphous

silica surface [71]. Samples were fractured and exposed to water vapour at partial pressures

ranging from103 Pa down to10� 7 Pa, at room temperature. In each case the hydroxyl group

concentration stabilised at approximately 2.6 nm� 2, indicating a weak dependence on the water

partial pressure. To determine the maximum hydroxyl coverage, the fracture surface was boiled

in water for three hours, resulting in a stable hydroxyl concentration of 4.6 nm� 2. This result is

con�rmed by an independent experiment, which found a hydroxyl concentration of 4.6 nm� 2, in-

dependent of the production method [72]. It is hypothesisedthat, since the experimental number

of hydroxyl groups (2.6 nm� 2) is less than the theoretical number of broken bonds (7.8 nm� 2),

the surface must reconstruct prior to water adsorption. Moreover, it must reconstruct to leave

2.6 nm� 2 highly reactive sites, such as under-coordinated O-1 and Si-3 atoms, that adsorb water

even under high vacuum conditions and a total of 4.6 nm� 2 adsorption sites, which also include

strained 3- and 4-membered rings. The remaining dangling bonds must reconstruct to form more

stable, larger rings, as found in the bulk structure.

The amorphous silica models generated in simulations basedon the classical potentials de-

scribed above have been used to investigate incorporation of hydroxyl groups into the surface.

Feuston and Garofalini develop a model to simulate interactions between all atoms in the silica

surface and in water [78, 84]. Following classical molecular dynamical simulations of the sil-

ica surface in solution, the hydroxyl group concentration is 3.1 nm� 2 and the surface obtained

is found to contain fewer under-coordinated atoms and strained rings than the dry surface. In

Ref. [80], water chemisorption is simulated by substituting two hydroxyl groups either onto a

pair of under co-ordinated defects or into a strained ring, obtaining a maximum hydroxyl group

concentration of 4.5 nm� 2. Further, by only considering O-1 and Si-3 defects and 2-membered

rings and not higher order strained rings, a concentration of 2.5 nm� 2 is calculated [80], sup-

porting the conclusions of Ref. [71]. Although the agreement with experiment is good, these

classical simulations are limited in their ability to accurately describe the bond breaking and

formation involved in dissociative water adsorption. In two ab initio simulations, the silica sur-

faces are �rst generated classically before being separated into representative clusters for reaction

with single water molecules [85, 86]. In these simulations,it is found that defects must exist as

donor/acceptor pairs in order for chemisorption to occur. That is, the smallest energy barrier to

adsorption occurs for O-1 and Si-3 on a single site, such thatthey are close enough to simultane-

ously interact with the water molecule. It follows that adsorption of water molecules onto defect

pairs or strained rings are favoured over single defects, which are unreactive over the time scale
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of these simulations.

In Section 3.2.2,ab initio methods are used to model the high pressure transition from� -

quartz to stishovite, both crystalline polymorphs of silica. In contrast, the aperiodicity of amor-

phous silica means that it must be simulated classically, using the VP potential. In Section 3.2.3,

I will generate bulk and surface silica structures and compare them with the existing literature.

The silica surface obtained in these simulations will be terminated by hydroxyl groups to produce

a realistic model of a fracture surface in the presence of water vapour.

3.2.2 Pressure Effects in Silica

The high pressure transition from the tetrahedrally structured� -quartz to the high density stishovite

has been investigated within DFT.2 The � -quartz unit cell is hexagonal (a=b6= c, � =� =90� ,


 =120� ) containing three SiO2 units, and that of stishovite is tetragonal (a=b6= c, � =� =
 =90� )

containing two SiO2 units with O atoms arranged in an octahedral con�guration around each Si

atom [87]. Geometry optimisations of these structures havebeen performed to calculate the zero

temperature equilibrium con�gurations of each polymorph.A Mulliken analysis (projecting the

ground state wave function onto a basis consisting of s and p atomic orbitals) assigns charges of

+2.38 and +2.03 to Si atoms in� -quartz and stishovite respectively. With reference to Table 3.2,

we see that the Si charges in� -quartz are similar to the values for the Si4+ species in the native

oxide layer, as expected, and that charge transfer from Si toO is smaller in stishovite, consistent

with the increase in bond length.

To study the transition from� -quartz to stishovite, the lattice parameter a of the two poly-

morphs has been strained incrementally by a maximum of approximately 10% and the ionic

positions re-optimised. The lattice parameter c was then adjusted until the output stress tensor

showed the pressure to be isotropic and the electronic ground state energy re-calculated. Fig. 3.14

shows the resulting energy-volume phase diagrams, the inferred structural properties and their

comparisons with experiment and the GGA literature [74, 88]. The bulk moduli are calculated

by �tting to the Murnaghan equation of state [89], which assumes a linear relationship between

bulk modulus and applied pressure, while the transition pressure is found by a common tangents

construction. The results show that� -quartz undergoes a phase transition to the tighter packed,

denser polymorph, stishovite, at a pressure of 7.6 GPa, in good agreement with experiment.

2As before, the GGA generated by Perdew, Burke and Ernzerhof is used, along with ultrasoft pseudopotentials
to represent electron-ion interactions. For silica, a4 � 4 � 4 grid of k-points is employed. Wave functions are
expanded in a plane wave basis, with a 600 eV energy cut-off. Convergence criteria are set to3 � 10� 5 eV/atom for
energy changes and5 � 10� 3 eV/ 	A and2 � 10� 4 	A for ionic forces and displacements respectively.
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Figure 3.14: (above) Energy-volume phase diagrams for� -quartz and stishovite. Solid lines
are �ts of the data (crosses) to the Murnaghan equation of state. � � is the zero pressure energy
difference between the two states. The transition pressureis given by the gradient of the common
tangent to the two curves (dashed line). (below) Table comparing physical properties of� -quartz
and stishovite with experiment and previous work [74,88].
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Figure 3.15: (left) Total radial distribution function in bulk amorphous silica. The �rst three
peaks correspond to Si–O, O–O and Si–Si nearest neighbours.(right) O–Si–O and Si–O–Si
bond angle distributions, which are consistent with experimental results.

3.2.3 Generating the Amorphous Silica Structure

Classical simulations were performed using the DL POLY 3 [18] MD package, in which the

VP interaction potential has been implemented. Long-ranged Coulomb interactions were treated

using the Ewald sum, with a real space cut-off of 8	A. The VdW interaction cut-off length was

set to 10	A. Newton's equations of motion were integrated with the velocity Verlet algorithm and

a time step of 1 fs, using the RATTLE algorithm [26] to constrain the O–H bond lengths. Where

necessary, temperature control was achieved by velocity rescaling.

An amorphous silica model was generated according to existing MD schemes [84], using the

VP potential [39], which has been successfully applied to study amorphous silica surfaces [40].

Namely, I initially placed 1314 randomly positioned Si and Oatoms, in the ratio1 : 2, in a

periodically repeated30� 30� 20 	A3 simulation cell. The initial structure was annealed for

100 ps at 8000 K, then for a further 100 ps at 4000 K. Subsequently, the system was cooled to

300 K over a period of 360 ps, switching to a constant pressureensemble controlled by a Nosé-

Hoover combined thermostat and barostat, with 0.2 ps relaxation times. Following a further

200 ps annealing at 300 K, the bulk density was 2.37 g/cm3 (compared to the experimental value

of 2.20 g/cm3 [39]). Further analysis, detailed in Fig. 3.15 and Table 3.4, revealed structural

details that are in good agreement with the literature [39].The broad distribution of Si–O–Si

angles is the main difference between amorphous silica and its crystalline polymorphs. The

distribution of the Si–O–Si angles here is in excellent agreement with that found experimentally,

which ranges from 120� to 180� with a maximum at 144� [90], and indicates the presence of a

network of corner-sharing Si(O4)1=2 tetrahedra.
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This work Ref. [39]

Bond length /	A FWHM / 	A Bond length / 	A FWHM / 	A

Si–O 1.62 0.07 1.62 0.05

O–O 2.63 0.20 2.64 0.15

Si–Si 3.09 0.27 3.10 0.20

Bond angle FWHM Bond angle FWHM

O–Si–O 108� 12� 109.6� 10�

Si–O–Si 141� 26� 142.0� 25�

Table 3.4: MD results for amorphous silica at 300K. The peak bond length or angle and the cor-
responding full width at half maximum (FWHM) of each distribution is reported and compared
to ref. [39].

Starting from the bulk amorphous silica structure obtained, a 50 	A vacuum layer was in-

serted in thez-direction of the simulation cell, resulting in separated,periodically repeated slabs

of surface area 9.1 nm2. The resulting surfaces were annealed at 1000 K for 500 ps, cooled to

300 K over 750 ps and, �nally, annealed at 300 K for a further 500 ps, all at constant volume.

These long annealing times were necessary to stabilise the concentrations of O-1 and Si-3 de-

fects, which converged to values of 1.6 nm� 2 and 1.7 nm� 2 respectively. Fig. 3.16, left, reveals

that these defects are located in the �rst 5	A of the surface. No reactive two-membered were ob-

served following cooling to 300 K. These defect concentrations may be compared to Ref. [78],

which uses a Born-Mayer-Huggins pair interaction, a truncated Coulomb term and a three-body

potential similar to that used here, obtaining concentrations of the two under-coordinated defects

of 0.6 nm� 2 and 1.9 nm� 2 and a concentration of 0.1 nm� 2 highly strained two-membered rings.

In agreement with an existing VP potential simulation of theamorphous silica surface [40], I

found that the surface was terminated by dangling O atoms andthat surface O–Si–O bond an-

gles were shifted to higher angles, indicating the presenceof under-coordinated Si, as shown in

Fig. 3.16, right.

Following Ref. [80], I terminated the surface O-1 and Si-3 defects with –H and –OH groups

respectively. Following relaxation of the entire system, the resulting hydroxylated amorphous

silica surface was found to have a hydroxyl group surface concentration of 3.3 nm� 2. This

appears to be a reasonable model for an unannealed fracture surface, which has been shown

to have a hydroxyl group concentration of 2.6 nm� 2, independent of the ambient water partial
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Figure 3.16: (left) Relative densities of fourfold coordinated (Si-4) and threefold coordinated
(Si-3) Si atoms and bridging (O-2) and dangling (O-1) O atomswith increasing distance from
the centre of the amorphous silica slab. Defects are concentrated in the �rst 5 	A of the surface.
(right) O–Si–O bond angles near the surface (dashed line) show broadening out to larger angles
than in the bulk (solid line), indicating the presence of Si-3 species.

pressure [71]. In order to model the surface that has been heated in water to give the maximum

measured hydroxyl group concentration of 4.6 nm� 2 [71, 72], it would be necessary to further

increase the hydroxyl concentration on the model amorphoussilica surface by breaking and

hydroxylating 3- and 4-membered strained rings.

3.3 Summary

In this chapter, I have characterised the natively oxidisedSi and amorphous silica surfaces in de-

tail. Usingab initio methods, the stress in the natively oxidised Si surface, following dissociative

water adsorption, was found to be tensile and equal to 2.5 N/m. The structure obtained contained

a range of Si oxidation states, whose Mulliken charges increased linearly with the number of O

nearest-neighbours. Combined static and dynamic simulations of dopant segregation found that

P and B dopants preferentially pile up on the Si side of the native oxide interface. In the case of

the amorphous silica surface, whereab initiomodelling would be too computationally expensive,

classical molecular dynamics simulations have been shown to reproduce experimental structural

analyses. In order to model realistic Si device surfaces in the same way, it will be necessary to

use the information we have gained on the surface structure and chemistry to develop a classical

potential for the oxidised Si surface. This will be the subject of the next chapter.



Chapter 4

Classical Force Field Development

4.1 Introduction

I N THE PREVIOUS CHAPTER, I have demonstrated thatab initio methods may be used to build

an accurate model for a natively oxidised Si surface that encapsulates its essential chemical

and physical surface properties. Starting from the surfacepreviously obtained in FPMD simu-

lations [64, 69], I have measured the tensile surface stresspresent in the oxide layer and found

that the number of Si oxidation states range from Si+ to Si4+ . I have also shown that doping Si

with P or B dopants is unlikely to affect its interactions with an external environment, which are

determined by the charge distribution in the oxide layer. Itwas found that both dopants segregate

preferentially to the Si/SiOx interface and may therefore be neglected from a simpli�ed classi-

cal model of the surface. If such a classical model is to capture the most important properties

of the Si surface, as the VP potential has been shown to do for the amorphous silica surface in

Section 3.2.3, it must be capable of describing all chemicalspecies and interactions present in

the Si/SiOx interface system obtained by FPMD. Further, if we are to employ this model to study

the behaviour of the surface in a wet environment, we must parameterisead hocthe relevant

non-bonded interactions. In particular, as the following chapter is concerned with the role of

trapped water during the room temperature stage of hydrophilic Si wafer bonding, I concentrate

here on the description of the surface-water interactions.The starting points for this study are

the SW and VP potentials [38, 39] that have been discussed in Section 2.2.4. In this chapter, I

combine these two potentials and extend them to take into account the full range of Si oxidation

states present in the native oxide layer as well as the interactions between the oxide layer and

liquid water.

In Sections 4.2 and 4.3, I will describe the details of the development of the interatomic

59
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potential for natively oxidised Si and its interactions with water. After explaining the technical

details of the MD simulations, I will investigate the structural and energetic properties of the

interfaces of both amorphous silica and natively oxidised Si with liquid water (Section 4.4) and

compare them with the results for a simple model of a hydrophobic Si surface (Section 4.5).

4.2 Interatomic Potential for the natively oxidised Si surface

We turn now to the development of a charge-based classical potential, whose analytic form and

parameters will be constructed so as to reproduce the structure and tensile stress of theab initio

natively oxidised and hydroxylated reference model illustrated in Fig. 3.4. The starting points

for the construction of this new potential are the well-known SW potential [38], which has been

widely used to simulate bulk properties of Si, and the VP potential, which was developed to

simulate bulk and surface properties of silica polymorphs [39,40]. Both of these potential energy

functions contain only two- and three-body interactions and may be expressed in the general

form:

V =
X

1� i<j

Vij (r ij ) +
X

1� i<j<k

Vijk (r ij ; r ik ; r jk ) ; (4.1)

where the indicesi , j andk run over all atoms in the system andr ij is the vector connecting atom

i with atomj . The aim of this work is to combine the SW and VP potentials into a single form and

extend this form to include the full range of Si oxidation states present in the native oxide layer.

In order to ensure that the potential reduces to the originalforms [38, 39] in the limits of bulk

Si and bulk SiO2, cut-off functions to the two- and three-body interactionswill be introduced to

smoothly interpolate between different regimes of the potential. These cut-off functions will be

chosen to ensure that the potential energy and the forces on the particles are continuous functions

of the particles' coordinates. This is essential to accountfor possible breaking and forming of

Si–O bonds in MD simulations of the surface with this interatomic potential.

In the VP potential, atomic charges with values of +1.6 e� and -0.8 e� are assigned to Si4+

and O2� species, respectively [39]. To maintain the original form of the potential in the case

of Si4+ species, I assign to the oxidised Si atoms and to the O atoms quantised partial charges

according to the following formulae:

qSi = +0 :4
X

O

f c(r; R q; � q)

qO = � 0:4
X

Si

f c(r; R q; � q) : (4.2)
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Figure 4.1: Examples of the Si–Si two-body interaction for Si0+ –Si0+ species (black, solid line)
and Si2+ –Si+ species (blue line), compared with the original SW interaction for uncharged Si
(black, dashed line). The equilibrium bond lengths are similar and both potentials tend to the
Coulomb interaction for large separations.

According to the above expressions, in agreement with the trend in computed Mulliken charges

shown in Table 3.3, the charges on the oxidised Si species increase linearly with the number

of O neighbours up to a value of +1.6 for fully oxidised Si4+ species. The number of atomic

neighbours is de�ned by the cut-off functionf c, which falls off smoothly and with continuous

derivative over a distance interval2� around a cut-off distanceR:

f c(r; R; �) =

8
><

>:

1; r < R � �

1 � r � R+�
2� + sin [� (r � R+�) =�]

2� ; R � � � r < R + �

0; r � R + � :

(4.3)

As discussed previously, the Si–Si two-body interactions should be given by the SW poten-

tial, with the addition of a Coulomb term arising from the possible presence of charges on the Si

atoms:

VSi � Si0 = A(qSi ; qSi0)[Br � 4 � 1]exp(� (r � a)� 1)f c(r; R Si ; � Si ) +
qSi qSi0

r
: (4.4)

The Si–Si bond lengths are observed to be approximately independent of the Si oxidation state in

theab initio reference structure. Therefore, in an adjustment to the original expression [38], the

SW parameterA in equation 4.4 includes a charge dependence, which is needed to counteract

the Coulomb repulsion between oxidised Si atoms (Fig. 4.1):

A(q; q0) = A0(1 + 3:2qq0)f A (q)f A (q0) : (4.5)
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Si4+ species, which are found in the tetrahedral form of SiO2, form no direct Si–Si bonds and

are instead connected via bridging O atoms. Hence, the factor f A (q) is used here to remove the

Si–Si attraction for Si4+ species, thus recovering the purely repulsive behaviour ofthe original

VP potential:

f A (q) =

8
><

>:

1:0 q � 1:2

4:0 � 2:5q 1:2 < q < 1:6

0:0 q � 1:6:

(4.6)

The form of the potential chosen to describe the Si–O two-body interaction is based on

Ref. [39] and, as before, is made up of three terms: a short range steric repulsion, a charge-

dipole attraction and a Coulomb attraction:

VSi � O =
�

CSiO (qSi )
r 9

�
DSiO

r 4
exp(� r=b)

�
f B (qSi ) +

qSi qO

r
; (4.7)

CSiO (q) = C0 � C1q; (4.8)

f B (q) =

(
2:5q q� 0:4

1:0 q > 0:4:
(4.9)

In theab initio reference structure, the Si–O bond lengths are observed to decrease approximately

linearly with increasing oxidation state of Si. By varying the hard-core repulsion parameterCSiO

as a function of charge, I aim to reproduce the increase in bond length for oxidised Si atoms

other than Si4+ (Fig. 4.2). The cut-off functionf B (q) is introduced to reduce the uncharged,

sub-surface Si atoms' interactions with O atoms in the oxidelayer in order to recover the pure

SW potential form within the Si bulk.

The O–O interaction is exactly as in Ref. [39] and contains the same contributions as the

Si–O interaction:

VO� O0 =
COO0

r 7
�

DOO0

r 4
exp(� r=b) +

qOqO0

r
: (4.10)

The three-body interactions are all of the same SW form, but with parameters adapted from the

literature [38, 39, 91], and are again smoothed by cut-off functionsf c in order to recover the

original VP potential:

Vijk = � exp[
 1(r ij � d1)� 1 + 
 2(r ik � d2)� 1](cos�j ik � cos�0)2 �

f c(r ij ; RSi ; � Si )f c(r ik ; RSi ; � Si ) : (4.11)
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Figure 4.2: The Si–O two-body interaction. The equilibriumbond length increases with decreas-
ing Si partial charge.

Finally, the hydroxyl groups that terminate the oxide surface are assigned charges given by:

qO = � 0:4
X

Si

f c(r; R q; � q) � 0:2 (4.12)

qH = +0 :2; (4.13)

which is consistent with the charge of approximately -0.6 assigned to the O atoms of terminal

silanol groups on the quartz surface in Ref. [92]. The O–H bond length is constrained to be equal

to 0.975 	A and the Si–O–H interaction takes the above three-body form, with the parameters

chosen to reproduce the variation about the minimum of the energy of the Si–O–H three-body

interaction as given in Ref. [92].

It should be emphasised that the potential form described here reduces exactly to the original

SW and VP potentials for bulk Si and SiO2 under equilibrium conditions. The cut-off distance

RSi in equations 4.4 and 4.11 is chosen to ensure that two- and three-body interactions involving

Si are switched on when Si–Si separations are in the region of2.6 to 2.8	A or below. In bulk Si,

which has equilibrium bond length 2.36	A, this potential reproduces the SW potential up to bond

lengths of 2.6	A, beyond which the attraction reduces smoothly to zero, as shown by the black

curves in Fig. 4.1. Similarly, the potential may be applied to SiO2 polymorphs (Si–Si nearest

neighbour peak separation of 3.1	A in amorphous silica, for example), reducing exactly to the

VP potential for Si–Si separations greater than 2.8	A (apart from an additional Si–Si hard-core

repulsion present in the original VP form, which is negligible for separations above 1	A). Below

the Si–Si separation of 2.8	A, I introduce repulsive Si–Si–O and Si–Si–Si three-body interactions,

while the Si–Si two-body interaction is removed entirely bythe cut-off functionf A (q).
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ab initio structure Classical structure

Si-O Si-Si O-Si-O Si-Si-O Si-Si-Si Si-O Si-Si O-Si-O Si-Si-O Si-Si-Si

Si4+ 1.64 – 109� – – 1.63 – 109� – –

Si3+ 1.65 2.36 109� 109� – 1.61 2.41 119� 96� –

Si2+ 1.67 2.39 109� 108� 109� 1.62 2.44 139� 101� 110�

Si+ 1.70 2.38 – 108� 111� 1.65 2.39 – 108� 111�

Table 4.2: Comparison between structures generated byab initio and classical energy minimi-
sations of the hydroxylated Si(100) surface. In theab initio structure, Si–O bond lengths (	A)
increase with decreasing Si oxidation state, while Si–Si bond lengths remain approximately con-
stant. In the classical simulation, although some bond lengths and angles have changed, there is
no restructuring of the surface. Si–O–H angles (126� ) also agree with DFT values (127� ).

Starting from the original values of the parameters for the separate SW and VP poten-

tials [38, 39], the values of all the parameters used in the two- and three-body interactions in

the new potential have been carefully adjusted to reproduceas accurately as possible theab ini-

tio reference structure illustrated in Fig. 3.4. The resultingparameters are listed in Table 4.1.

Average bond lengths and angles in the hydroxylated surfacestructure following energy minimi-

sation using this parameter set show reasonable agreement with theab initiominimised structure,

as shown in Table 4.2. The surface stress calculated using this potential is 2.0 N/m, in reasonable

agreement with the computedab initio tensile stress of 2.5 N/m. Importantly, no change in the

topology of the SiOx network (that is, no breaking or forming of Si–O bonds) was observed dur-

ing 50 ps of classical MD simulation at 300 K, during which theatomic charges and associated

charge-dependent potential parameters were updated at every time step.

As an additional test of this potential, I have performed a dynamical simulation of a Si/SiO2
interface composed of a 11	A thick slab of Si and a 17	A thick slab of� -quartz. At the interface,

the Si(100) surface has been matched with the SiO2 surface by expanding the� -quartz lattice

parameter by 10 % in one direction to form an ideal, defect-free heterojunction. The system was

subjected to three separate annealing schedules: 100 ps at 500 K, 100 ps at 700 K and 50 ps at

1000 K. In none of these simulations was breaking of existingbonds or formation of new bonds

observed. Moreover, as a result of annealing, the average Si–O bond lengths and Si–O–Si angles

at the interface have been found to decrease from their bulk values by approximately 1 % and

4 % respectively (Fig. 4.3), in agreement with a number of previous investigations [93,94]. This

demonstrates a certain degree of transferability of this potential to study Si/SiOx heterogeneous
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Figure 4.3: Si–O bond lengths (left) and Si–O–Si bond angles(right) during annealing of the
Si/SiO2 interface system. In both cases, the interface distributions are peaked at lower values
than the corresponding total distributions (solid lines).

systems. As a note of caution, the potential cannot necessarily be expected to be predictive in

relation to the formation of unknown structures during chemical reactions, such as oxidation

processes. However, this may become possible upon augmentation of the potential within hybrid

quantum/classical schemes such as the recently developed “Learn on the Fly” technique [95].

4.3 Interactions between the Oxidised Si Surface and Water

To study the behaviour of SiOx surfaces in a wet environment, the interactions between the

surface atoms and water molecules are modelled as a sum of Coulomb (computed from the

atomic partial charges) and VdW contributions. To maintainconsistency with force �elds used to

simulate solvated biomolecules in solution (Section 2.2.4), the VdW interactions between water

molecules and the surface hydroxyl groups are described by ahydrogen bond formVij = A=r 12
ij �

B=r 10
ij , with theA andB parameters taken from standard biomolecular parameter sets [30]. The

VdW interactions between water molecules and all other atomtypes are taken to have the LJ

form:

Vij = 4� ij

" �
� ij

r ij

� 12

�
�

� ij

r ij

� 6
#

(4.14)

where, as in equation 2.37,� ij =
p

� i � j and� ij = 2 � 1=6(� i + � j ).

It should be noted that the values of the partial charges on the surface atoms have been chosen

to guarantee stability of the SiOx network (see previous section). In particular, their values differ

from the atomic point charges that best �t the electrostaticpotential in a region outside the VdW
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Figure 4.4: DFT (dashed lines) and classical (solid lines) binding energy curves of a single water
molecule above the hydroxylated native oxide surface. In each simulation, the water molecule
is displaced vertically, and the relative total energy is plotted as a function of its separation, d,
from the surface. In the �rst con�guration (left, black curves), the water molecule, with a HW
atom pointing downwards is bound to a bridging O atom. In the second con�guration (right, blue
curves), the water OW atom is pointing downwards towards a Siatom and is repelled from the
surface.

radius of the atoms (ESP charges, Section 2.2.6), which would be the best choice of charges to

simulate the surface hydration properties [31]. For this reason, I have adapted the parameters of

the LJ part of the non-bonded surface-water potential so that they reproduce the binding energy

curves for isolated water molecules on selected surface sites obtained inab initio calculations.

This energy is dominated by electrostatic effects, which are well described within standard DFT

techniques.

The total energy of a single water molecule has been calculated within DFT (Section 3.1.2) as

a function of its distance from the hydroxylated surface fortwo con�gurations, chosen such that

the main interactions present are between one HW atom of water with an O atom of the surface

and between the OW atom of water with a Si4+ atom of the surface. These con�gurations are

illustrated in Fig. 4.4. Identical total energy calculations were performed using the TIP3P water

model [35] and the newly developed force �eld for the native oxide, for different values of the

LJ parameters of the surface-water interactions. The best binding energy curves obtained are

shown in Fig. 4.4, and the corresponding, optimised set of LJparameters is reported in Table 4.3.

As will be shown in the following section, with this set of parameters the calculated heat of

immersion of an amorphous silica surface amounts to 166 mJ/m2, which compares well with the

experimental value of 158 mJ/m2, measured for a surface with a density of terminal –OH groups

of 3.4 nm� 2 [96].
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Water Surface

OW HW Si OB OH H

(� i / eV)� 10� 2 0.66 0.13 1.30 1.13 0.65 0.09

� i / 	A 1.768 0.650 1.600 1.762 1.650 1.000

Table 4.3: LJ parameters optimised for the surface-water interactions. Water OW parameters are
taken from the TIP3P water model. Parameters for water HW atoms are for interactions with
Si and OB only, otherwise� i is zero. In the surface, OB refers to bridging O atoms and OH to
hydroxyl O atoms.

4.4 Structure and energetics of the SiOx/Water interface

In Section 3.2.3, I have used the VP potential in a classical molecular dynamics simulation to

generate a model of an amorphous silica slab of surface area 9.1 nm2, with a hydroxyl group con-

centration of 3.3 nm� 2. To model the hydroxylated native oxide on Si(100) in a similar fashion,

theab initio reference structure shown in Fig. 3.4 was repeated periodically in the surface plane

to form a3� 3 slab of surface area 10.6 nm2. The bottom surface was terminated with a copy

of the oxide layer after rotation through 180� and translation by a bulk Si lattice parameter. The

resulting slab consisted of 792 Si atoms, corresponding to eleven layers, oxidised and hydroxy-

lated on both sides with a total of 288 O and 72 H atoms. The lattice parameter was �xed to the

equilibrium value for bulk Si obtained with the SW potential(5.44 	A), and the vacuum gap in

the direction perpendicular to the surface plane was set to 50 	A, as in the case of the amorphous

silica slab studied in Section 3.2.3.

I began my investigation of the interactions between wet oxidised Si surfaces by studying

the structure of bulk water in contact with both the amorphous silica and the natively oxidised

Si surfaces. Any surface in contact with bulk water will havean effect on the intrinsic ordering

of water in its proximity. In particular, water molecules will interact strongly with and partly

penetrate into hydrophilic surfaces to form surface-waterhydrogen bonds, in competition with

water-water hydrogen bonds in the liquid. This is known to result in a layered structure of water

molecules close to the surface, which can be quanti�ed by analysing the surface density pro�le

of water molecules in the direction perpendicular to the surface.

To investigate water layering at the two hydroxylated surfaces, the 50	A vacuum layers were

�lled with water molecules described by the TIP3P potential[35] at a density of approximately

1 g/cm3. Classical simulations of these systems were performed using DL POLY 3 as described
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Figure 4.5: Average density of water molecules perpendicular to the hydroxylated amorphous
silica (left) and native oxide (right) surfaces. In both cases, the main peak is centred on the
surface-water interface, with some water penetrating the surfaces and density oscillations contin-
uing into the water layer. The water density in the centre of the simulation cells matches that of
bulk water.

in Section 3.2.3. For each of the two hydroxylated surfaces,the entire system was equilibrated at

300 K and the height of the supercell adjusted to remove the stress in the direction perpendicular

to the surface. I have calculated the density pro�les of water in contact with the two surface

models by computing the average number of water molecules present in thin, planar slices of

width 0.1 	A oriented parallel to the surface during a 1 ns simulation. The results are reported in

Fig. 4.5. In each case, I found evident structuring of water into layers of higher and lower density

with respect to bulk water, consistent with previous simulations of water on a hydrophilic quartz

surface [92]. For both surfaces, the position of the main peak in the density pro�le coincides with

the position of the outermost surface hydroxyl group. The presence of subsidiary peaks closer to

the surface, especially in the case of natively oxidised Si,is indicative of water penetration into

the relatively open structure of the hydroxylated surfaces, as expected. Beyond the position of

the �rst maximum, with a density of 1.05 g/cm3, the water density close to the amorphous silica

surface has a minimum at a distance of 1.1	A and a second maximum at 2.3	A, before reaching the

bulk water density of 0.98 g/cm3 at a distance of approximately 4	A. The main peak in the water

density at the native oxide surface is higher, reaching 1.32g/cm3, and the oscillations continue

out to a distance of approximately 5	A from the position of the main peak before reaching the

bulk water density.

The shape of the density pro�le obtained in the simulation allows us to de�ne a monolayer as

the layer of water molecules contained between the surface and the position of the �rst minimum

beyond the main density peak. By integration of the density pro�les, it is found that 98 and
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117 water molecules are contained in 1 ML on the amorphous silica and the natively oxidised

surfaces, corresponding to surface densities of 10.7 and 11.0 water molecules/nm2, or to surface

areas per water molecule of 9.3 and 9.1	A2, respectively. These values should be compared with

early assumptions, where an area of 10.6	A2 has been assigned to a water molecule adsorbed on

quartz [97]. The difference between these values probably arises from the number of molecules

which are able to penetrate relatively deeply into the surface of the oxide structures.

For each surface studied, I have computed the heat of immersion, which is the difference

between the energy of the system in contact with water and theenergies of the two separate com-

ponents, namely the dry surface model and bulk water. For each immersed system, the energy

has been computed as the average value of the potential energy obtained in MD simulations at

300 K for 1 ns. Using this approach, I calculated heat of immersion values of 166 mJ/m2 and

203 mJ/m2 for the amorphous silica and native oxide, respectively. The �rst of the two values

may be compared with experimentally measured values of 157 mJ/m2 or 158 mJ/m2 for surfaces

with estimated densities of terminal –OH groups of 2.3 nm� 2 and 3.4 nm� 2, respectively [96,98].

The excellent agreement between the experimental and the theoretical values of heat of immer-

sion provides good evidence for the accuracy of the parametrisation of the surface-water potential

described in Section 4.3. I note that the possible deprotonation of the surface hydroxyl groups in

the experimental system is not expected to substantially in�uence the results obtained. In fact,

in deionised water at pH 7, the surface charge of amorphous silica is expected to be of the order

of -1 � C/cm2 [99], corresponding to just one deprotonated hydroxyl group per simulation cell,

which is unlikely to contribute signi�cantly to the computed heat of immersion.

A further insight into the details of the surface/water interfaces may be gained by analysing

the average number of surface-water and water-water hydrogen bonds formed per water molecule

within the �rst ML compared with the bulk liquid. Considering a hydrogen bond to be present

between two O atoms when the O–H� � � O angle is greater than140� and the O–O separation is

smaller than 3.5	A, the calculated average number of hydrogen bonds per molecule in bulk water

is 3.13 (approximately equal to the value calculated in Section 2.2.4 for bulk TIP3P water, as

expected). Close to the surface, within the �rst ML, the corresponding values for the amorphous

silica and the native oxide are 3.30 and 3.27, respectively,re�ecting the competitive hydrogen

bond formation at the surface. In each case, 0.76 hydrogen bonds per molecule are formed

with the surface (Table 4.4). These can be further divided between the bonds donated to OB

atoms bridging Si atoms of the surface, the bonds donated to OH atoms of terminal hydroxyl

groups, and the bonds received by H atoms of hydroxyl groups.The calculated values presented

in Table 4.4) indicate evident differences between the two surfaces. Namely, more hydrogen
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Surface OW–HW� � � OW OW–HW� � � OB OW–HW� � � OH OH–H� � � OW Total surface

a-SiO2 2.54 0.14 0.30 0.32 0.76

Native 2.51 0.24 0.26 0.26 0.76

Bulk water 3.13 – – – –

Table 4.4: Statistics of hydrogen-bonding between the two surfaces and the �rst ML of water
(within the �rst peak of the density distribution).

bonds are formed between water and bridging OB atoms in the case of the native oxide structure,

probably due to the reduced charge on some of the Si atoms, andthus the reduced electrostatic

screening, compared with the amorphous silica surface. Since the charges on the bridging O

atoms are higher than those on the hydroxyl groups, this may help to explain the difference

between the computed heat of immersion in the two cases, despite the small difference in the

number of water molecules per surface area within the �rst ML.

4.5 A Hydrophobic Surface Model

In the previous section, I described simulations used to model the layering of water at two sur-

faces with different degrees of hydrophilicity. The observation of water penetration into the

two surfaces indicated that both the natively oxidised Si and amorphous silica surfaces are hy-

drophilic. By measuring positive heats of immersion, I havecon�rmed that, in both cases, the

surface in contact with water is energetically stable with respect to the dry surface models and

bulk water.

As a contrast, I develop here a simple model for the hydrogen-terminated Si(100) surface,

which is expected to be hydrophobic. The p(2� 2)-reconstructed bare Si(100) surface discussed

in Section 3.1.3 was periodically repeated in the plane of the surface to produce a3� 3 surface

slab of surface area 10.6 nm2, separated from its periodic image in thez direction by a 40	A

vacuum gap. Following relaxation of the resulting surface slab using the SW potential and Si

bulk lattice parameter of 5.44	A, the buckled dimers were found to �atten, forming a p(2� 1)

surface reconstruction [100]. As in the original p(2� 2) reconstruction, each surface Si atom

has one dangling bond, which was terminated here by the addition of H atoms. The Si–H bond

length was constrained to the experimental value of 1.48	A [25] using the RATTLE algorithm,

as discussed in Section 2.2.3.

Since our aim, in this case, is to model a generic hydrophobicsurface rather than any realistic
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surface, careful �tting of the long-ranged interaction parameters as performed in Section 4.3 for

the native oxide interface with water is unnecessary. Terminal H atoms were assigned partial

charges of -0.08 e� , using the ESP method of Section 2.2.6, �tting the charges tothe electro-

static potential calculated within DFT in a 1	A thick region outside the VdW radius of the atoms.

To maintain charge neutrality, their neighbouring Si atomswere assigned charges of +0.08 e� ,

resulting in considerably less polar bonds than those observed in the hydrophilic surfaces. VdW

interactions took the LJ form, with Si parameters the same asthose used for the oxidised Si

surfaces and H parameters taken from the standard biomolecular force �eld for hydrophobic hy-

drocarbon chain H atoms (� i =0.04� 10� 2 eV, � i =1.540 	A) [30]. All Si–Si two-body interactions

were modelled using the new charge-based SW potential (equation 4.4). The Si–Si–H three-body

term is taken to have the same form as the angular term in the SWpotential (equation 2.41), with

the parameters taken directly from Ref. [101]. Encouragingly, no change in surface structure

following H termination and relaxation was observed.

Water layering at the new surface model was investigated by �lling the 40 	A vacuum gap with

TIP3P water and using an identical method to the previous section. Fig. 4.6 shows the average

water density in 0.1	A planar slices oriented parallel to the surface. As before,the water density

shows alternating regions of high and low water density, which reach the bulk water density

at long distances from the surface. However, in this case, nopenetration of water molecules

into the surface is observed and, in fact, the main peak in thedensity is separated from the

surface by 2.8	A. To con�rm the hydrophobic nature of the model H-terminated Si surface, its

heat of immersion was calculated using the same method as described in the previous section.

The computed value of -22 mJ/m2 is very close to the heat of immersion of -23 mJ/m2 inferred

from contact angle measurements of hydrophobic CH3-terminated gold surfaces [102, 103] and

indicates that the surface/water interface is unstable with respect to separated dry surface and

bulk water systems.

4.6 Summary

I have developed a force �eld which enables the investigation, at the classical level, of the in-

teractions between oxidised Si surfaces and a liquid environment. This could be of particular

importance given the increasingly broad �elds of application of silicon-based microelectrome-

chanical devices put in direct contact with water solution,such as sensors or actuators used in

a physiological environment [104]. In this potential, the surface interacts with the external en-

vironment through non-bonded interactions of the electrostatic and VdW type. This makes it
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Figure 4.6: Average density of water molecules perpendicular to the H-terminated Si surface.
The main peak is separated from the surface by a gap of 2.8	A. The water density in the centre
of the simulation cells matches that of bulk water.

straightforward to combine this potential with standard force �elds used to investigate biological

macromolecules, and it opens the way to large-scale simulations of biomolecule adsorption on

models for realistic Si surfaces (Chapter 6). Moreover, theform of the force �eld allows pro-

cesses associated with a rearrangement of the Si–O bond network to be simulated, which will be

necessary for the application of classical Hamiltonians inhybrid quantum-classical schemes of

the “Learn on the Fly” type [95]. These schemes appear to be very promising tools for atomistic

simulations of chemo-mechanical effects, such as those occurring at a crack tip during a stress-

corrosion process, which require both large system sizes and accurate quantum description of

limited portions of the simulated systems [105–107].

In this chapter, I have applied the newly developed potential to the simpler case of water lay-

ering at oxidised Si surfaces, where no breaking or forming of covalent bonds is expected to play

a role. I have shown that my parameterisation of the interatomic potential is able to reproduce

the structural and mechanical properties of the natively oxidised Si surface obtained in previous

FPMD simulations based on DFT [64, 69]. Moreover, calculated energetic details of the amor-

phous silica/water interface, such as the surface heat of immersion, were found to agree well with

existing experimental measurements. Compared to the amorphous silica surface, the natively ox-

idised Si surface was found to interact more strongly with the liquid water, resulting in a higher

heat of immersion (203 mJ/m2 vs. 166 mJ/m2) and a more pronounced structuring of the water

molecules close to the surface in alternating layers of larger and smaller density with respect to

the bulk liquid. As we shall see in the next chapter, the layering of water at oxidised surfaces

has a profound effect on their mutual adhesion in simulations of wafer bonding experiments.

Finally, to provide a contrast with the hydrophilic oxidised surfaces, a model H-terminated Si
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surface has been constructed. The low density of water molecules at this surface provides an al-

ternative model with which to study adsorption mechanisms of biomolecules, which may display

regions of either hydrophilic or hydrophobic character. The issue of biomolecule adsorption at

such surfaces will be discussed in Chapter 6.



Chapter 5

Wafer Bonding

5.1 Introduction

DIRECT WAFER BONDING has emerged as an important technology for silicon-based mi-

croelectronic and micromechanical systems [108, 109]. In particular, the preparation of

silicon-on-insulator devices takes advantage of the strong adhesion between oxidised and hy-

drated Si surfaces to bond together crystalline wafers without the need for adhesives or high pres-

sures [76,77]. The �rst step of the bonding process is the preparation of hydrophilic Si surfaces,

in which an ultrathin layer of native oxide covers the Si bulkand is terminated by chemisorbed

hydroxyl groups and hydrogen-bonded water molecules. Afterwards, the surfaces are put in con-

tact at room temperature by applying a small pressure in a localised region of the wafers. This

triggers the propagation of a bonding front to the whole surface area (see Fig. 1.1) [110], in a

process that is driven by the formation of a hydrogen-bondedwater network trapped between the

Si surfaces [108]. Finally, the bonded system is annealed athigh temperature to induce conden-

sation of adjacent silanols on opposite surfaces and diffusion of trapped water molecules away

from the interface, forming a SiO2 layer between the Si wafers.

Complete bonding during the room temperature contacting step is crucial for the formation

of a defect-free bonded interface. To achieve this, the prepared surfaces need to be suf�ciently

�at and clean and the non-covalent interactions between them suf�ciently strong. The experi-

mental evidence points towards a dependence of the interaction strength on the amount of water

physisorbed on the surfaces [111], which is approximately 1ML at a relative humidity of about

70 % [97]. Moreover, under similar humidity conditions, theadhesion strength depends substan-

tially on the details of the oxide structure covering the surfaces. The measured work of adhesion

for natively oxidised surfaces with 1-2 ML of adsorbed wateris approximately 100 mJ/m2 [112].
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In the case of thicker oxide layers, obtained after thermal oxidation of the Si surface, lower val-

ues in the range 60-85 mJ/m2 have been reported [113]. These are consistent with the bonding

energy associated with the closure of cracks in vitreous silica glass [111]. Here the measured

work of adhesion is about 75 mJ/m2 for relative humidities above 20%, but is found to rapidly

decrease at lower humidity. Notably, equal adhesion strengths could be measured in experiments

of crack opening or closing [111], pointing towards a reversible adhesion mechanism governed

by hydrogen bonds and ruling out the formation of covalent bonds between the surfaces at room

temperature. This is supported by a molecular dynamics simulation of amorphous silica wafers,

which suggests a water-mediated adhesion mechanism in the absence of siloxane bridges across

the bonding interface [114].

In this chapter, I perform classical molecular dynamics simulations to investigate the crucial

role of trapped water during the room temperature stage of hydrophilic Si wafer bonding. In

particular, I aim to investigate bonding between surfaces terminated by a native oxide layer,

whose structure and composition have been previously determined by means of extensive FPMD

simulations based on DFT [64, 69]. For this purpose, in the previous chapter, I have developed

a classical force �eld capable of describing all chemical species and interactions present in the

Si/SiOx /water interface system previously obtained by FPMD. The results of my investigation

into the hydrophilic bonding of pairs of amorphous silica wafers and natively oxidised Si wafers

are reported and compared in the next section.

5.2 Results

In the previous chapter, we have seen how competitive hydrogen bond formation at the sur-

face/water interface leads to a local restructuring of the hydrogen bond network between the

molecules. This results in oscillations in the water density, which propagate several Angstroms

into the bulk liquid. The thin layer of water trapped betweenoxidised Si wafers in the room

temperature stage of hydrophilic wafer bonding will be subjected to the same effect, whose rela-

tionship to the attractive force between the wafers will be investigated below.

The starting points for the current simulations are the models of water layering at the amor-

phous silica and natively oxidised surfaces described in Section 4.4. The amorphous silica sur-

face had been generated using the VP potential in Section 3.2.3 and was subsequently hydroxy-

lated based on previous theoretical and experimental results. The natively oxidised surface struc-

ture had been obtained from a series of FPMD simulations [64,69] and is described classically

using the newly-developed charge-based potential. Interactions with water had been parame-
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terised and, in both cases, a series of coordinates obtainedfrom classical molecular dynamics

simulations of the interface between the surface and a 50	A water layer. Selected snapshots from

these simulations were used to construct the initial input �les for the simulations of hydrophilic

wafer bonding, keeping in the simulation cells only the water molecules closest to the surfaces up

to distances chosen to give the desired surface water coverages. Based on the integrated density

pro�les of the surface/water interfaces in Section 4.4, oneML of adsorbed water was found to

contain 98 and 117 water molecules on the amorphous silica and native oxide surface models,

respectively, which correspond to surface densities of 10.7 and 11.0 molecules/nm2.

Based on Ref. [114], force-displacement curves were calculated by reducing the height of

the simulation cell perpendicular to the surfaces (and thusthe separation between the top surface

and the periodic image of the bottom surface) at a rate of 0.1	A every 11 ps. At each separation,

the system was �rst equilibrated to 300 K by velocity rescaling over a period of 1 ps. During

the subsequent 10 ps, the particle coordinates were collected every 0.2 ps and the averagez

component of the stress in the simulation cell was calculated (see Section 2.2.5). In this way,

the net interfacial force could be computed as a function of separation and the resulting curve

integrated to obtain the total surface bonding energy.

I have calculated the average net force present between two bare amorphous silica surfaces

and two bare native oxide surfaces in the absence of any watermolecules as a function of the

interface separation. Starting from two separated surfaces, no attraction is observed when the

surfaces are moved together (red curves in Fig. 5.1, top). When the surfaces become very close

to each other, steric repulsion occurs between the surface atoms and the repulsive force increases

rapidly. Zero separation in the curves in Fig. 5.1 was de�nedas the point of onset of this repulsive

force.

The situation is very different in the presence of water molecules between the surfaces. In

Fig. 5.1, top, I have plotted the force-separation curves calculated at increasing water coverages

(from approximately 0.25 to 2.5 ML per surface), along with the associated hydrogen bond den-

sity as a function of surface separation (Fig. 5.1, bottom).As the surfaces move together, they

experience a net attractive force (negative values in the reported plots), which initially increases,

reaches a maximum value and then decreases, becoming repulsive at small separations. Subse-

quent debonding simulations, in which the surfaces were pulled apart at the same rate, revealed

no hysteresis in the force-separation curves.

The overall behaviour of the system may be rationalised by looking at the number of hy-

drogen bonds formed per molecule between the surfaces. Starting from larger separations, the

hydrogen bond density increases as the surfaces come into closer and closer contact. At smaller
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Figure 5.1: (top) Force-separation curves for two hydroxylated amorphous silica (left) and native
oxide (right) surfaces. The bare surfaces (red curves) repel (positive force) at separations below
0 	A. Also plotted, from left to right, are curves corresponding to approximately 0.25, 0.50, 0.75,
1.00, 1.50, 2.00 and 2.50 ML water coverage on each surface. The curves are translated upwards
so that the force, at large separations, is zero. (bottom) Number of hydrogen bonds per water
molecule as a function of surface separation for the amorphous silica (left) and native oxide
(right) surfaces. Below about 1 ML (dotted lines), the number of hydrogen bonds does not reach
the ideal surface density (upper dashed lines) before the surfaces repel. The maximum attractive
force between surfaces at higher water coverages (solid lines) is limited by the hydrogen bond
density between the surfaces, which tends to that of bulk water (lower dashed lines).
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separations, if the concentration of water is smaller than about 1 ML (dotted lines in Fig. 5.1),

the interaction between the surfaces becomes repulsive well before the hydrogen bond density

reaches the equilibrium values of 3.30 or 3.27 at the amorphous silica or native oxide surfaces,

respectively (see Section 4.4). In these cases, the computed force becomes dominated by the

repulsion between the two solid surfaces, and the repulsivepart of the force-separation curve

tends to that calculated in the absence of trapped water. On the other hand, for water coverages

greater than approximately 1 ML (solid lines in Fig. 5.1), the onset of repulsion occurs before

the surfaces interact directly. In fact, as is visible in Fig. 5.1, the point of zero force between the

surfaces at increasing water coverages tends to the point atwhich the density of hydrogen bonds

reaches 3.13, the equilibrium value in bulk water, which wascalculated in Section 4.4.

These results imply that there is an optimum water concentration for room temperature hy-

drophilic wafer bonding, low enough that there is a high concentration of energetically favourable

surface-water hydrogen bonds, as observed within the �rst ML of the systems in Section 4.4, but

high enough that the oxide surface repulsion does not dominate. By integration of the force-

displacement curves, the energy gained during the simulated bonding process, that is the work of

adhesion of the wet surfacesQad, may be computed. This is reported as a function of the water

coverage in Fig. 5.2, indeed showing an optimum water concentration for bonding at approxi-

mately 1 ML for both surface models. At very low coverages, the steric repulsion between the

surface dominates, so thatQad rapidly decreases to negligible values. At the other extreme, for

high coverages, the values ofQad are very similar in the two cases and tend to the value of bulk

TIP3P water, calculated by integration of a force-separation curve for a water/water interface,

in the absence of any solid surface. The value obtained, 78 mJ/m2, is indicated with a dashed

line in Fig. 5.2 and may be compared with the experimental surface energy of 72 mJ/m2 for the

water/air interface at room temperature [115].

For the case of amorphous silica, the variation ofQad with water coverage may be compared

with forces associated with crack closure in vitreous silica glass at different relative humidities,

as reported in [111]. In this comparison, I shall take into account thatQad is half the strain energy

release rate, and that each value of relative humidity is associated with a well-de�ned coverage

of adsorbed water [97]. The investigation in [111] shows that, at high humidity,Qad is roughly

constant at about 75 mJ/m2, which corresponds to the surface energy of bulk water. At relative

humidities lower than about 20%, which corresponds to a water coverage of approximately

0.5 ML, Qad starts to decrease and drops to 25 mJ/m2 at a coverage of approximately 0.25 ML.

This in good agreement with the shape of the amorphous silicacurve shown in Fig. 5.2, where

the computed work of adhesion is 19 mJ/m2 at 0.25 ML coverage, and is comparable with the
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Figure 5.2: Surface energy of two hydroxylated amorphous silica (black) and native oxide (blue)
surfaces as a function of water coverage. The bonding energyof silica is approximately constant,
with a small peak at 1 ML, and decreases at low coverages. The native oxide surfaces are more
strongly bound at low coverages, before tending to the silica and bulk water surface energies at
high coverages.

surface energy of bulk water at large coverages. In these simulations,Qad has a small peak of

90 mJ/m2 at approximately 1 ML. Experimental values of the work of adhesion in direct surface

bonding experiments using silica glasses are lower, in the range of 60 to 85 mJ/m2 [113], which

might be explained by the microroughness present in the experimental wafer samples [116].

As far as the natively oxidised Si surface is concerned, these simulations indicate a slightly

higher maximum value ofQad than amorphous silica, which may be related to the higher heat of

immersion and to the more pronounced oscillations of the density close to the surface, as reported

in Fig. 4.5. In fact, the water density pro�les between closely spaced native oxide surfaces show

oscillations that match those observed at an isolated slab (Fig. 5.3). At 0.5 ML coverage, the main

peaks from opposite surfaces overlap, producing a single peak in the water density at equilibrium

(Fig. 5.3, top right), fully consistent with trapping 1 ML ofwater between the two surfaces. In

this case, as shown in Fig. 5.3, top left, the initial force required to separate the surface and

thus break the hydrogen bond network of this ML is high, although Qad is relatively low, due

to the surface-surface repulsion at small separation. At 1.0 ML coverage, Qad is maximum,

reaching 97 mJ/m2, in good agreement with experimental values of approximately 100 mJ/m2

for natively oxidised Si wafers covered by 1-2 ML of water [112]. In this case, the main peaks in

the equilibrium water density at the two surfaces are separated by 2.5	A (Fig. 5.3, bottom left),
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Figure 5.3: Average water density pro�les perpendicular totwo natively oxidised Si wafers at
equilibrium separation, at increasing water coverage. Thecorresponding force-separation curves
are numbered (top left). At 0.5 ML coverage (1), a large forceis required to separate the single
density peak into two. At 1.0 ML (2), the bonding energy is a maximum, because a stable water
network is set up between the two wafers. At 2.5 ML (3), the interfacial water density and
associated surface energy is close to that of bulk water.

close to the ideal O–O separation of 2.87	A for hydrogen-bonded TIP3P water (see Section 2.2.4).

This indicates the existence of an ordered, energetically stable, hydrogen-bonded water network,

spanning the two bonded wafers. Finally, at higher coverages, the density in the central region

between the wafers is constant, roughly at the equilibrium density of bulk water (Fig. 5.3, bottom

right), consistent with Qad being comparable with the surface energy of liquid water.

In an ideal debonding experiment,Qad may be thought of as being composed of a large

energy loss (positive values) associated with breaking thenetwork of hydrogen bonds between

the wafers and with an energy gain associated with the rearrangement of water at the surfaces,

to optimise the number of hydrogen bonds per molecule. The more structured the water layer,

the smaller will be the energy gain, due to the reduced capability of water to rearrange within the

layer (which is consistent with the measured lower entropy of water molecules at low coverages
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on oxidised surfaces [97]). Therefore, the slightly largerQad value than in the case of amorphous

silica may be explained by the more pronounced structuring of water between the native oxide

surfaces induced by the stronger surface-water interactions (see Section 4.4).

5.3 Summary

The layering of water at the oxidised surface has a profound effect on the computed force-

displacement curves in simulated wafer bonding experiments at different coverages of adsorbed

water. I have predicted that there is an optimum surface water concentration for bonding between

both glassy silica and natively oxidised Si surfaces, for which the maximum work of adhesion

values are 90 mJ/m2 and 97 mJ/m2, respectively, occurring at approximately 1 ML coverage

(corresponding to about 70% relative humidity [97]). It must be noted that these values refer to

perfectly �at surfaces, whereas experimentally measured values are expected to depend heavily

on the nanoscale surface roughness present in the samples [116]. This is especially true in the

case of bonding experiments, where a work of adhesion as low as 40 mJ/m2 has been measured

for two natively oxidised Si surfaces [110]. The relativelyslow diffusion of water parallel to the

surface will prevent a perfect wetting of the whole surface during bonding. However, in subse-

quent fracture tests the work of adhesion has been shown to rise to 120 mJ/m2, possibly due to

rearrangement of the water layer over the length scale of thesurface roughness [117]. The calcu-

lated force-displacement curves may provide a useful inputfor macroscopic models where both

the topographic details of the bonded surfaces and the precise dependence of the attractive force

on the initial surface separation and wetting can be taken into account. Combining the results

presented here with these macroscopic models, such as the cohesive zone model of Kubair and

Spearing [118], will be the subject of future work [119].



Chapter 6

Surface Adsorption of Biological Molecules

I N THIS CHAPTER, I use the classical force �elds developed in Chapter 4 to investigate protein

adsorption on oxidised Si surfaces. In the previous chapter, I have shown how the surface

chemistry affects the structure of water and, hence, the mutual adhesion at the interface of two

Si wafers. Here, I extend the classical force �elds to include biomolecules and study their inter-

actions with both the natively oxidised Si surface and the adsorbed water layer.

6.1 Introduction

With the growing interest in the use of microfabrication technologies forin vivodevices, the issue

of cell adhesion to arti�cial materials has become increasingly important. Examples of present

applications include titanium-based orthopaedic implants and biosensors, capable of short-term

sensing of pH, pressure and analyte concentration in blood and tissue [104,120]. Future plans for

integration of arti�cial materials primarily focus on implantable Si-based microelectromechan-

ical systems (MEMS) devices. MEMS devices have long been manufactured in the microelec-

tronics industry forin vitro use, employing well-established techniques for fabricating integrated

circuits. The characteristic size of such devices combinedwith their ability to transduce physical

or chemical stimuli into electrical signals, which would bedif�cult to achieve in polymeric sys-

tems, makes them ideal candidates forin vivo applications such as in a responsive drug delivery

cycle. The �rst stage of such a cycle requires a sensing device to measure analyte concentra-

tions, such as blood glucose levels [121]. In the second stage, the drug should be delivered

from a reservoir contained within the device in response to the biosensor measurement. Si-based

drug delivery systems, which consist of an array of reservoirs coated with gold membranes, have

already been developed [122]. Application of a current causes the membrane to be ruptured,

83
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allowing drug release at well-de�ned, controllable intervals.

Once MEMS devices have been designed and manufactured, the key to their successful im-

plantation is their biocompatibility, the ability to perform with an appropriate host response in

a speci�c application. If a device is to maintain a long-termsensing capability, it should guide

cell assembly to promote compatibility with the surrounding tissue [123, 124]. This selective

cell adsorption helps to anchor the device, discourages adsorption of cells that will trigger an im-

mune response and minimises the risk of bacterial contamination. In tissues, cells do not adhere

directly to arti�cial surfaces, but instead bind via integrin receptors in the cellular membrane to

extracellular matrix (ECM) proteins, such as �bronectin orcollagen. Integrins have been shown

to recognise speci�c residue sequences on ECM proteins [125] and, once bound, they can acti-

vate intracellular signalling pathways and direct cell proliferation, mobility or apoptosis [126].

Surfaces implanted into tissues should, therefore, be designed with the aim of adsorbing ECM

proteins in the correct orientation for integrin binding. In this way, the biomaterial may promote

cell adhesion in a speci�c and controlled manner.

In contrast, implants such as heart valves have inert surfaces, which discourage cell adhe-

sion and decrease the likelihood of an immune response. The exposure of Si surfaces to the

bloodstream, for instance in implanted Si-based MEMS devices for the measurement of blood

pressure, has been shown to result in the immediate adsorption of plasma proteins, followed by

the integrin-mediated adhesion of cells, known as platelets (see Fig. 1.1) [2]. High levels of

platelet binding may lead to an unwanted coagulation cascade and thrombus formation. Hence,

in the production of MEMS devices intended for the bloodstream, platelet build-up must be dis-

couraged in order to minimise the risk of the formation of blood clots within the circulatory

system.

Whether a biomaterial is being designed to control cell adhesion for tissue compatibility or

to minimise platelet interactions in the bloodstream, the understanding of the binding modes

of proteins to its surface is of crucial importance. In a number of experimental and theoretical

investigations, it has been shown that the quantity and activity of adsorbed proteins can be con-

trolled by manipulation of surface properties. Neutron re�ection studies indicate that solution

pH controls adsorption of lysozyme on silica surfaces by altering the surface charge [127]. In

a similar fashion, surfaces functionalised with self-assembled monolayers (SAMs) are used in

the experimental investigation of the adsorption of the ECMprotein �bronectin, since they al-

low precise control of the surface functional groups [128, 129]. The extent to which integrins

bind to the adsorbed proteins is dependent on the SAM surfacetermination and was shown to

decrease in the order OH> COO� � NH+
3 > CH3 [128]. This behaviour has been explained by
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MD simulations of the binding of a �bronectin fragment to models of the SAM surfaces [130].

In the presence of implicit solvent, minimal interactions are observed between �bronectin and

the OH terminated surface. Thus adsorbed proteins are not expected to undergo signi�cant de-

naturation and should readily bind to integrins. On the other hand, integrins bind less well to

�bronectin adsorbed on COO� and NH+
3 surfaces for different reasons. On COO� , �bronectin

adsorbs in an unfavourable orientation, such that the integrin binding site points towards the

surface, while on NH+3 (and to an even greater extent on CH3), �bronectin is observed to de-

form, which could render its binding site unrecognisable tointegrins. In a further investigation,

MD simulations have been performed of �bronectin adsorption on graphite and single-walled

carbon nanotubes [131, 132]. The reduced adsorption observed on the curved nanotube surface

has implications for the use of nanoscale surface topography and roughness to control protein

adsorption.

However, the most striking surface property in the control of protein adsorption is the degree

of hydrophilicity or hydrophobicity of the biomaterial surface. In Ref. [133], poly(ethylene ox-

ide) (PEO) chains were grafted onto a polymer network forming a surface whose hydrophilicity

could be increased by increasing the PEO chain length. The surface concentration of �brino-

gen, which is a blood plasma protein responsible for bindingplatelets, was measured using UV

spectrophotometry. It was found that increasing the hydrophilicity of the surface decreased the

concentration of adsorbed �brinogen. Consequently, in this case, increasing the surface hy-

drophilicity decreases platelet adsorption and the associated risk of blood clotting. Conversely,

decreased integrin binding has also been observed on increasingly hydrophobic surfaces [134].

Untreated polystyrene is hydrophobic, but it may be treatedwith a tissue culture to increase its

hydrophilicity to a certain extent. Unlike the extremely hydrophilic surfaces described above, the

adsorbed concentration of the ECM protein, �bronectin, is similar on the two surfaces. However,

in the same study, it was shown that the binding of certain integrins to �bronectin adsorbed on the

strongly hydrophobic surface was less favoured, thus decreasing the likelihood of cell growth.

Similar protein behaviour is observed for �bronectin adsorption on methyl silane and hydrox-

ylated silica surfaces, which represent the hydrophobic and hydrophilic extremes. The numbers

of �bronectin molecules adsorbed on the two surface types was measured using ellipsometry at

varying concentrations of the ECM protein [135]. Again, more adsorption was observed on the

hydrophobic surface than the hydrophilic surface. The authors propose an explanation for their

results that is consistent with these observations of initial protein adsorption and other studies

of subsequent integrin binding. In their model, protein binding to the hydrophobic surface is

accompanied by �attening and deformation of the protein. The binding energy is therefore high,
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but the process is non-reversible and leads to decreased binding af�nity to integrins, which usu-

ally bind only to speci�c, undeformed adsorption sites. In contrast, the contact area and binding

energy of proteins at hydrophilic surfaces are assumed to besmall. At these surfaces, proteins

readily exchange at high concentrations and the denaturation rate is low. Although adsorbed

proteins on hydrophilic surfaces may still interact strongly with integrins, their concentration

is assumed to be too low to promote signi�cant cell adhesion.These conclusions are clearly

supported by another experiment, which measured concentrations of human endothelial cells on

polymer surfaces that have a range of heats of immersion [136]. Endothelial cells bind via in-

tegrin receptors to �bronectin. As predicted by the above model, optimum cell adhesion was

observed at intermediate values of the surface wettability. Cell adsorption on �bronectin on hy-

drophobic surfaces is hindered by deformation of the integrin binding sites. On the other hand,

only small concentrations of �bronectin are deposited on strongly hydrophilic surfaces and the

adsorption is reversible, so that even precoating the surface with ECM proteins fails to increase

the adsorbed cell concentration.

We have seen in Chapters 4 and 5 how the the water structure at Si surfaces of varying heats

of immersion is determined by the strength of the surface-water interaction. Furthermore, I have

shown that the resulting oscillations in the water density at the surface/water interface may be

used to explain the mutual adhesion in simulations of room temperature bonding of hydrophilic

wafers. Given the large amount of experimental data that demonstrates the effects of surface

heat of immersion on protein binding modes, it seems likely that the water structure again plays

an important role. Indeed, in one classical MD simulation ofthe interactions between lysozyme

and sugar-based hydrophilic SAMs in the presence of explicit water, a well-structured water

layer was observed at the SAM surface [137]. Interestingly,a large repulsive force was observed

between the protein and the water layer at the surface, whilethe force between the protein and

the SAM itself was negligible. In a separate simulation, thesign of the force between the protein

and the interfacial water has been shown to depend on the orientation of the protein [138]. The

small protein used in this simulation was leucine enkephalin, which has one hydrophilic and one

hydrophobic side. With the hydrophilic side oriented towards a hydrophobic surface, the long-

range interaction is repulsive, although there is possibleevidence of a short-range attraction.

However, it is clear that, with the hydrophobic side oriented towards the surface, the protein is

attracted towards the surface at all separations. In Ref. [139], a technique consisting of short

MD runs followed by system relaxation has been used to estimate protein binding energies on

MgO surfaces. By separating the contributions of the different components of the system to the

binding energy, the authors have shown that the most signi�cant interactions occur between the
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protein and the double layer of water density observed at theMgO surface.

In all of the classical MD simulations described above, the forces between the protein and

the explicit water model seem to be the dominant factor in determining the adsorption behaviour

of the protein. These forces are, in turn, a result of the structure imposed on the water by the

chemistry of the underlying surface. The disruption of the water structure during protein adsorp-

tion will have both an enthalpic and entropic effect on the free energy of the system. These two

contributions to the free energy have been explicitly determined in calculations of free energies

of adsorption of individual protein residues on functionalised surfaces using quantum chemistry

and data from wetting experiments [140]. Both the enthalpicand entropic effects of the residue

interaction with the water structure at the surface/water interface were shown to have similar

orders of magnitude as the enthalpic contribution from protein-surface interactions. In order to

account for both enthalpic and entropic changes to the waterstructure during protein binding,

I perform MD simulations at 300 K of protein adsorption on realistic models of MEMS device

surfaces in the presence of explicit water. In this way, I hope to gain an understanding of the role

that surface chemistry can play in the regulation of the initial stages of protein adsorption and,

hence, in the control of the cellular response to MEMS implantation. In Section 6.2, I describe

the structures and functions of the example proteins used inthis study. The general methods used

for the protein adsorption simulations are presented in Section 6.3, including the combination of

biomolecular force �elds with the potential developed in Chapter 4 for the natively oxidised Si

surface. Finally, in Sections 6.4 and 6.5, I present the results of dynamical protein adsorption

simulations designed to clarify the role of the surface chemistry on protein binding modes on

hydrophilic and hydrophobic surfaces.

6.2 Protein Structure and Function

As we have seen in Chapter 3, the Si surface forms a hydroxylated native oxide layer under

physiological conditions. Implantation of Si-based MEMS devices into tissues or into the blood-

stream is accompanied by the immediate adsorption of ECM or plasma proteins [2, 141], with

interactions mediated by the surface chemistry of the oxidelayer. Due to their high concentra-

tions in the ECM and bloodstream, respectively, collagen and human serum albumin (HSA) are

typically amongst the �rst proteins to adsorb onto an implanted solid surface. These two pro-

teins will be used in this work to study the effects of surfacechemistry on the initial stages of

protein adsorption onto both natively oxidised Si and also the hydrophobic surface developed in

Section 4.5.
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~1 nm

Figure 6.1: Three representations of the NC1 domain of collagen XIV. (top) All backbone and
side chain atoms in the 34 residues that form the protein fragment. The length is approximately
50 	A. (centre) Connections between the backbone atoms reveal an � -helical structure, stabilised
by hydrogen bonds between the coils (red/blue dashed lines). (bottom) Residues are coloured
according to characteristics of their side chain, which maybe acidic (red), basic (blue), polar
(white) or hydrophobic (green). The bottom and top surfacesare dominated by hydrophobic and
basic residues respectively.
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Figure 6.2: (left) The peptide bond. Proteins are composed of sequences of amino acid residues
(square brackets), whose side chains R take one of twenty naturally-occurring forms. The sec-
ondary structure is speci�ed by the dihedral angles and� formed by sets of four atoms in the
backbone. (right) A plot of against� is known as a Ramachandran plot, as shown here for the
� -helical structure of the NC1 domain of collagen XIV.

Proteins are long-chain polymers, formed by the condensation of amino acids [142]. There

exist just twenty naturally occurring amino acid residues and the sequence in which they are ar-

ranged determines the primary structure of the protein. Forexample, the primary structure of the

NC1 domain of collagen XIV was determined in Ref. [143] and isillustrated in Fig. 6.1 (top).

As shown in Fig. 6.2 (left), the backbone of the structure is composed of a repeating –N–C� –C–

motif. By following the pattern of the backbone atoms (Fig. 6.1 (centre)), we observe an underly-

ing helical structure. This is an example of the secondary structure of a protein, which may also

consist of chains of residues folded back and forth, known as� -sheets. The secondary structure

may be quanti�ed by calculating the backbone dihedral angles  (formed by the repeating set of

atoms N–C� –C–N) and� (C–N–C� –C). Fig. 6.2 (right) shows a plot of against� , known as a

Ramachandran plot, for the NC1 domain of collagen XIV. The clustering of the and� dihedral

angles around -50� , -50� is indicative of an� -helix secondary structure, which can be clearly

seen in Fig. 6.1 (centre).

The stability of a particular conformation or secondary structure of a protein is largely de-

termined by the weak non-covalent bonds formed between the residues themselves and between

the residues and the solvent (usually water). Indeed, Fig. 6.1 (centre) reveals how the� -helical

conformation of the collagen fragment is stabilised by hydrogen bonds formed between adjacent

turns in the helix. In turn, these non-covalent interactions are determined by the nature of the

residue side chains, represented by R in Fig. 6.2 (left). Residues are usually split into one of four

categories determined by the nature of their side chains: acidic (e.g. aspartic acid), basic (e.g.
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lysine), polar (e.g. serine) or hydrophobic (e.g. leucine). The three-dimensional arrangement of

these residue types often provides information about the structure and function of the protein

in its native environment. The �nal structure in the lower part of Fig. 6.1 shows the residues

of the NC1 domain of collagen XIV coloured according to the four categories described above.

The helix appears to have a predominantly hydrophobic lowersurface, with a number of basic

residues on its top surface. It has been shown experimentally that this protein fragment is poorly

folded in water, but adopts the� -helical structure on adsorption to a hydrophobic surface [144].

The hydrophobic surface used in these experiments seems to mimic the native environment of

the collagen fragment by binding to its lower, hydrophobic surface, shielding it from the more

polar solvent. Furthermore, the NC1 domain is thought to be abinding site for heparin, which is

a glycosaminoglycan, or long-chain polysaccharide, responsible for resisting compressive forces

in the ECM. The basic residues on the top surface of the� -helical structure of the NC1 domain

have a strong electrostatic attraction to the negatively-charged heparin and, therefore, act as the

binding site through which collagen XIV interacts with the rest of the ECM [144].

The NC1 domain of collagen XIV will be used in this work to provide an example of the

effect of material surface chemistry on the mode of protein binding. Its small size (the entire

heparin binding site can be characterised by just 34 residues) makes computations fast and the

clear distinction between its hydrophobic and hydrophilicsurfaces allows the study of several

distinct types of surface/protein interface.

In contrast to the relatively short computer times requiredto study details of the small col-

lagen fragment at material interfaces, atomistic modelling of the adsorption of an entire protein

to the native oxide surface represents a far greater challenge. The protein chosen here for such a

study is HSA, which is the smallest and most abundant plasma protein in the human circulatory

system. Its heart-shaped structure, which is shown in Fig. 6.3 (left), consists of 585 residues and

has been well characterised using X-ray diffraction [145].HSA is believed to fold into three

domains, carrying charges of -9 e� , -9 e� and +3 e� , respectively. Each domain consists of ten

� -helices, which are again characterised by the clustering of the backbone dihedral angles around

-50� , -50� in the Ramachandran plot in Fig. 6.3 (right). In addition to the weak intramolecular

bonds observed between coils of the collagen XIV� -helix, HSA is further stabilised by the for-

mation of covalent bonds bridging cystine residues, known as disulphide bridges. The strong

relationship between protein structure and function is very evident here. The HSA structure con-

tains a number of sites which allow it to reversibly bind to ligands, such as metal ions and fatty

acids, and deliver them to target organs. Some drug compounds take advantage of these binding

sites to aid their transport through the bloodstream [146].
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Figure 6.3: (left) The three domains of HSA and their� -helical structure. Each of the three sides
are approximately 80	A in length and the average depth is around 30	A. (right) Ramachandran
plot showing a high� -helix density.

Due to the large number of possible initial orientations that the HSA protein could adopt on

the model surface, computation of the preferred adsorptionmode would be very costly. For-

tunately, motivated by the issue of haemocompatibility of implanted Si devices, a number of

investigations into HSA orientation on hydrophilic silicahave been carried out. Using a tech-

nique known as proteolysis, enzymatic degradation of bovine serum albumin (BSA) adsorbed

onto silica particles has been shown to leave behind a high concentration of domain two of the

protein [147]. BSA is structurally very similar to HSA, and so this result implies that domain

two of HSA (Fig. 6.3 (left)) adsorbs onto the silica surface and, in this way, is protected from

enzymatic attack. A further argument, based on the calculated macroscopic repulsion between

the sides of the protein and the silica surface, reveals thatHSA binds in an end-on con�guration

with the point of the `V' of domain two pointing towards the surface [148]. The small area of at-

tachment of this con�guration is consistent with the theories of protein adsorption on hydrophilic

surfaces presented in Section 6.1 [135] and also with observations of the ease of BSA diffusion

over glass surfaces [149]. In the following section, I describe the methods used to simulate the

initial adsorption stages of HSA in this starting orientation onto natively oxidised Si.
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6.3 Materials and Computational Procedure

The systems chosen in this work to represent typical adsorption processes of proteins on material

surfaces, are the NC1 domain of collagen XIV, on both hydrophilic natively oxidised Si and on

hydrophobic H-terminated Si, and HSA on natively oxidised Si. The structure of the heparin

binding site, known as the NC1 domain, of collagen XIV was downloaded from the Protein Data

Bank (PDBID: 1b9q) [144]. The two ends of the fragment were terminated with free –NH+3 and –

COO� functional groups. Using the AMBER 7 package [32], chloride ions were added in a shell

around collagen XIV to minimise the electrostatic potential energy and neutralise the protein

charge. The resulting structure consisted of 588 protein atoms and seven negatively-charged

counter-ions.

The dimerised crystal structure of HSA has been determined by X-ray diffraction and is

available from the Protein Data Bank (PDBID: 1ao6) [145]. However, the technique used to

determine atomic positions was unable to determine the structure of the terminal residues, due to

their high �exibility. Therefore, the AMBER 7 package was used to terminate the two ends of an

HSA monomer according to its residue sequence, add missing Hatoms from the X-ray diffraction

structure and neutralise the resulting structure. Following Ref. [145], disulphide bridges were

speci�ed between 17 cystine residue pairs and the sulphur atom of the �nal cystine residue was

hydrogen-terminated. The �nal HSA system consisted of 9227protein atoms and 15 positively-

charged sodium counter-ions.

For the collagen fragment, the native oxide and hydrophobicsurfaces were prepared as de-

scribed in Sections 4.4 and 4.5. In order to prevent interactions between the protein and periodic

images of itself and the surface slab, the dimension of each slab was doubled in thex-direction

and the total height of the simulation cells were set to 65	A. To prevent such interactions for the

large HSA molecule, the native oxide surface was repeated four times in thex-direction and three

times in they-direction and the height of the simulation cell was increased further to 140	A. The

�nal volume of the HSA simulation cell was approximately 1800 nm3 and the surface density of

7800 molecules/� m2 was of the same order of magnitude as the maximum HSA density observed

on quartz surfaces (5102 molecules/� m2) [148].

Surface-surface interactions were described by the new potentials developed in Sections 4.2

and 4.5, while protein-protein interactions were described by standard biomolecular force �elds

(see equation 2.37) [30]. All that remained, therefore, before classical simulations of the de-

scribed systems could be performed was to de�ne the surface-protein interactions. Based on the

analysis in Section 4.3, the surface-protein force �eld wasmodelled as a sum of Coulomb and

VdW interactions, and hydrogen bond interactions between hydroxyl groups of the native oxide
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and acceptor and donor atoms on the protein. The atomic partial charges had already been de-

�ned for the surface and protein individually. The challenge was therefore to choose the VdW

parameters that reproduce protein binding properties in aqueous solution. In this work, I used

the VdW parameters optimised for the surface-water interaction � i and� i , shown in Table 4.3,

and combined them with the biomolecular force �eld VdW parameters [30] using the standard

combination rules(� ij =
p

� i � j and� ij = 2 � 1=6(� i + � j )) .

Classical MD simulations were performed using DL POLY 3 as described in Section 3.2.3.

As illustrated in Fig. 6.1 (bottom), the collagen fragment has two distinct possible adsorption

orientations. The �rst is with the heparin binding lysine residues pointing upwards, away from

the surface, and the second is with these residues pointing downwards, towards the surface.

These two orientations will henceforth be referred to as up and down, respectively, and the NC1

domain of collagen XIV simply as collagen, for brevity. To compare with the stability of up

and down� -helical collagen on the two surfaces, a denatured collagenstructure was obtained

by performing a 100 ps of anneal at 1000 K. The binding modes ofup, down and denatured

collagen were investigated on both the hydrophilic and hydrophobic surfaces. The adsorption

of HSA with the point of the `V' of its second domain pointing towards the oxide surface has

been discussed in the previous section. The simulations were set up by placing the protein in

the chosen orientation a few Angstroms above the relevant surface. Close contact between the

surfaces and the proteins was achieved by performing a 100 psmicrocanonical relaxation in

vacuum during which the temperature never exceeded 120 K.

The starting coordinates for the simulations in explicit water were taken from the �nal con-

�gurations of the vacuum relaxations or the unbound protein-surface systems. Unbound protein-

surface systems contain collagen or HSA separated from the surface slab by at least 10	A and

do not require initial minimisation. The entire simulationcells were �lled with TIP3P water

molecules at a density of approximately 1 g/cm3. Identical numbers of water molecules were

used in equivalent bound and unbound systems to allow calculation of free energies of adsorp-

tion at constant particle number. Protein-water and water-water interactions were described us-

ing the standard force �elds explained in Section 2.2.4, while surface-water interactions were

treated using the method described in Section 4.3. With the protein and surface frozen, the water

molecules were subject to a short minimisation to remove steric overlap. Following this min-

imisation, the surface was allowed to move freely, while theprotein atoms were subjected to

harmonic restraints of the form:

V(r i ) =
1
2

k (r i (t) � r i (t = 0)) 2 ; (6.1)
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wherek is the force constant andr i (t) is the atomic position at timet. The constraints on the

protein were slowly relaxed by reducing the force constant from 22.0 to 0.43 eV/	A2 over MD

runs of length 80 ps at 10 K. Keeping these weak constraints onthe protein, the entire system was

heated to 300 K in 50 K steps over a total period of 100 ps. Production runs were performed at

300 K with all protein constraints removed and with velocityrescaling every 100 fs to maintain

a constant temperature. Simulations lasted up to 2 ns for collagen systems and 1.36 ns for HSA

and particle coordinates were saved every picosecond for further analysis.

6.4 The NC1 Domain of Collagen XIV

Initial energy minimisation of collagen in the up, down and denatured conformations on the na-

tively oxidised Si surface in vacuum results in immediate adsorption in all three cases, as shown

in Fig. 6.4 (top). In the up and down orientations, slight deformation of the helix is observed as

the protein maximises its contact area with the surface. In contrast, the initial conformation of

the denatured structure on the surface reveals that the hightemperature annealing of the protein

fragment destroys its� -helical structure.

The dynamics of the protein fragments on the natively oxidised Si surface in explicit water is,

however, very different to their initial behaviour. Fig. 6.5 shows the evolution of the total energy

of the up, down and denatured con�gurations, relative to theaverage total energy of the� -helix

far from the surface slab, in an unbound con�guration. In this plot, the energy due to surface-

surface interactions has been subtracted, so as to remove the spurious effects of small surface

reconstructions. In all three cases, the initial bound con�gurations are unstable with respect to

collagen in bulk water. Analysis of the protein trajectories over the 2 ns MD simulations in

Fig. 6.4 show that the protein fragments desorb and, indeed,their total energies do approach

the unbound energy. In the up con�guration, the relative total energy falls to zero as the central

backbone moves away from the surface and is replaced by watermolecules (Fig. 6.4 (left)).

In this simulation, there seems to be an energy barrier to desorption of the terminal cystine

residue from the surface, which appears in Fig. 6.5 at 0.65 ns. However, once this barrier has

been traversed, collagen remains bound to the surface in an end-on con�guration for the rest

of the simulation, with negligible binding energy with respect to the unbound state. Collagen,

initially bound with its heparin binding sites oriented downwards, follows a similar trajectory

(Fig. 6.4 (centre)). In this conformation, it desorbs from the surface within 0.7 ns, but keeps one

point of contact. The protein is again stable on the surface in this end-on con�guration for the

remainder of the 2 ns simulation. The denatured fragment is relatively high in energy for the �rst
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Figure 6.4: Collagen trajectories on the natively oxidisedSi surface in explicit water. (top) Initial
energy minimisations in vacuum lead to strong binding in allthree con�gurations. (left) In the
up con�guration, both ends of the protein remain adsorbed for 0.65 ns, before one end breaks
away from the surface, leaving the protein adsorbed end-on to the surface. (centre) Collagen in
the down orientation adopts a similar end-on con�guration after 0.7 ns. (right) The denatured
protein shows no helical structure. Water is allowed to diffuse onto the surface after around
1.4 ns, lowering the total energy.



96 6. SURFACE ADSORPTION OF BIOLOGICAL MOLECULES

-1

 0

 1

 2

 3

 4

 5

 6

 0  0.5  1  1.5  2

R
el

at
iv

e 
en

er
gy

 / 
eV

Simulation time / ns

up
down

denatured

Figure 6.5: Running averages of the total energy of collagenon natively oxidised Si in up, down
and denatured con�gurations. Energies are relative to unbound collagen (dashed line).
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Figure 6.6: Dihedral angles of each of the 34 residues of collagen on natively oxidised Si. Spread-
ing of the angles away from their values in an ideal� -helix occurs at early stages of the simulation
for the up and down con�gurations. Dihedral angles in the denatured structure show no pattern
and a large amount of spreading over time.
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nanosecond of simulation in explicit water. There is, however, a large drop in energy between the

two con�gurations shown in Fig. 6.4 (right), at 1.1 and 1.4 ns. Further analysis of the components

of the total energy reveals that there is a large increase in the surface-water interaction over this

period. The drop in energy may, therefore, be explained by diffusion of water into the space

between the surface and protein. The protein-surface interaction decreases to zero over the 2 ns

simulation as the protein continues to desorb. The �nal energy of the desorbed, denatured protein

is higher than that of the unbound� -helix and this is con�rmed by comparing the energies of

helical and denatured collagen fragments in bulk water.

Fig. 6.6 shows the evolution in time of each set of dihedral angles  and � (see Fig. 6.2)

along the collagen backbone for all three con�gurations of collagen on the natively oxidised Si

surface. As a general trend, in both the up and down con�gurations, the two free, �exible ends of

the protein show a spreading of their dihedral angles over time, while the central residues remain

�xed close to their equilibrium� -helical values. The small deviations of the central residues

from their equilibrium dihedral angles seem to be con�ned tothe early stages of the simulation,

during their desorption from the natively oxidised surface. The structural deformation undergone

by the denatured protein is evident in its Ramachandran plot. The dihedral angles do not show

any pattern and the lack of stabilising intramolecular hydrogen bonds allows them a large degree

of �exibility throughout the simulation.

In contrast to its behaviour on the natively oxidised Si surface, collagen in the up and dena-

tured conformations readily binds to the hydrophobic H-terminated Si surface. Minimisation in

vacuum led to repulsion between the surface and protein, andso the initial con�gurations shown

in Fig. 6.7, with the proteins close to the surface, were chosen for the simulations. With the

heparin binding sites pointing upwards and the hydrophobicside of the helix oriented towards

the surface, collagen remains bound to the hydrophobic surface for the full 2 ns of the simulation

(Fig. 6.7 (left)). As shown in Fig 6.8, the energy of this con�guration is stable in time and, by

comparison with the average energy of the unbound state, a free energy of adsorption of -1.6 eV

has been calculated. The helical structure of the protein appears to still be present at the end of

the 2 ns simulation and this is con�rmed by the Ramachandran plot in Fig 6.9, which reveals

very little spreading of the central backbone dihedral angles. The particular stability of the heli-

cal structure on the hydrophobic surface is supported by thelower measured binding energy of

denatured collagen on the same hydrophobic surface. In thisdenatured con�guration, collagen

does remain bound to the surface throughout the simulation,though the number of binding sites

is lower and the average total energy higher than in the up con�guration. These results are con-

sistent with experimental observations [144], in which it was observed that the helical structure
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Figure 6.7: Collagen trajectories on the hydrophobic H-terminated Si surface. Both the up and
denatured con�gurations remain bound to the surface for thefull 2 ns.

of collagen XIV is stabilised by adsorption onto hydrophobic surfaces.

The nature of water is expected to play an important role in the adhesive properties of sur-

faces. This was clearly demonstrated in Chapter 5 for the mutual adhesion of two natively oxi-

dised surfaces. Water molecules at the interface act as a dielectric by aligning so as to reduce the

Coulombic surface-protein interaction and will also compete with the protein residues to form

intermolecular bonds with the surface. To investigate the relative importance of these two effects,

the explicitly modelled water molecules were replaced by a linear distance-dependent dielectric

model (� = r= 	A) (Section 2.2.4). This model imitates the dielectric properties of bulk water

but not the water structure speci�c to each system. Within the implicit water model, the binding

energy between surface and protein is given by:

�
Ebou(s-p) + Ebou(s-s) + Ebou(p-p)

�
�

�
Eunb(s-p) + Eunb(s-s) + Eunb(p-p)

�
(6.2)

where s-s, p-p and s-p stand for surface-surface, protein-protein and surface-protein interactions,

respectively. Since the surface-protein interactions in the unbound system are zero by de�nition,
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Figure 6.8: Running averages of the total energy of collagenon hydrophobic Si in up and dena-
tured con�gurations. Energies are relative to unbound collagen (dashed line).

 0

 0.4

 0.8

 1.2

 1.6

 2

-150-100-50 0 50 100 150 -150-100-50  0  50 100 150

 0

 5

 10

 15

 20

 25

 30

 35

f  / degrees

re
si

du
e

time / ns

y  / degrees

Figure 6.9: Dihedral angles of each of the 34 residues of collagen in the up orientation on hy-
drophobic Si. The central backbone angles are maintained throughout the simulation.
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equation 6.2 can be re-written as:

Ebou(s-p) +
�
Ebou(s-s) � Eunb(s-s)

�
+

�
Ebou(p-p) � Eunb(p-p)

�
(6.3)

By considering the separate components of the binding energy in a bound surface/protein sys-

tem, we are able to study the role of water as a dielectric at the interface. To achieve this,

after each picosecond sets of coordinates were extracted from the trajectory of collagen bound

to the hydrophobic surface in the up con�guration in explicit water. Then the water molecules

were removed and the separate contributions to the binding energy were re-calculated within the

dielectric water model. This procedure was repeated for thetrajectory of collagen in the un-

bound state, far from the hydrophobic surface. By equating the components of the total energy

of the bound and unbound states, it was found that the two setsof terms in square brackets in

equation 6.3 averaged to zero over the 2 ns simulations. The free energy of adsorption of up

collagen on the hydrophobic surface in the dielectric watermodel is, therefore, given simply by

Ebou(s-p), which is plotted as the blue curve in Fig. 6.10 and has an average value of -1.1 eV.

As previously plotted in Fig. 6.8, the black line in Fig. 6.10shows the energy evolution of col-

lagen in the up orientation on the hydrophobic surface in an explicit water solvent. The average

binding free energy of this con�guration was found to be -1.6eV. These results indicate that the

simple dielectric model underestimates the collagen binding energy on the hydrophobic surface

by 0.5 eV.Ebou(s-p) was also monitored during an additional 2 ns MD simulation with identical

initial conditions, but this time in a dielectric water model (Fig. 6.10, red line). Surprisingly,

the interaction between surface and protein is actually reduced further and the average value of

Ebou(s-p) is -0.9 eV. This may be explained by observing thatEbou(p-p) decreases substantially

during the simulation, indicating that stabilisation of protein-protein interactions is favoured over

stabilisation of surface-protein interactions.

The role of water molecules as a dielectric and also the importance of their interactions with

the protein may be clari�ed by considering the density of water and protein atoms at the surface.

Fig. 6.11 shows the average number of H atoms present in thin,planar slices of width 0.1	A

oriented parallel to the surface during the 2 ns simulation of up collagen on the hydrophobic

surface. H atoms have been assigned one of three types: water, hydrophobic (H bonded to

carbon atoms on the protein) or hydrophilic (H bonded to O, N or S atoms on the protein). As

previously observed in Fig. 4.6, the density of water molecules shows oscillations perpendicular

to the surface, with the �rst peak separated from the surfaceby approximately 3	A, though the

surface water density is reduced due to the presence of the protein. It is now possible to see

how the details of the water layering at the surface affect the energetics of the surface-protein
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Figure 6.10: Comparison of interactions between collagen in the up orientation and the hy-
drophobic surface in explicit and dielectric water models.(black) Total energy of the MD in
explicit water, relative to the unbound state. (blue) Surface-protein interaction energy calculated
from the same trajectory, using a dielectric water model. (red) Surface-protein interaction energy
calculated from a separate MD in a dielectric medium.

interaction. Hydrophobic groups on the collagen molecule (green, solid lines) approach close

to the surface and interact directly with it. The dielectricscreening between surface and protein

is low, due to the low water density at the surface. This may account for the difference in the

calculated binding energies between the explicit and dielectric water models. The dielectric

model overestimates the screening between the surface and the protein and the calculated energy

of interaction is reduced accordingly.

Interestingly, the H atoms of the protein also show alternating regions of high and low den-

sity. In Fig. 6.11 (left), the dotted and solid lines represent the density pro�les of the protein H

atoms during MD runs of up collagen on the hydrophobic surface in implicit and explicit wa-

ter, respectively. Both hydrophilic and hydrophobic H atomtypes are, on average, closer to the

surface during the explicit water model simulation, which re�ects the higher surface-protein in-

teraction. However, there is also a structural rearrangement of the collagen, which seems to be

mediated by the surface water molecules. Compared to the simulation in the dielectric medium,

the �rst peak in the density of hydrophobic H atoms is higher and moves from 4.0 to 4.2	A, close

to the �rst trough in the water density at 4.4	A. The second peak at 9.4	A reduces in height and

is close to the second water trough at approximately 8	A. In contrast, the hydrophilic protein H

atoms tend to align with areas of high water density. The �rstsubsidiary peak in the hydrophilic
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Figure 6.11: H atom density pro�les (arbitrary units) of collagen adsorption in up (left) and
denatured (right) conformations on the H-terminated hydrophobic surface. Black curves corre-
spond to water molecules, green curves to protein hydrophobic groups and blue curves to protein
hydrophilic groups. Protein atoms show structuring perpendicular to the surface, which is depen-
dent on the water model used (solid curves denote explicit water, dotted curves denote a dielectric
medium).

atoms increases compared to the dielectric MD run and is located at 3.6 	A, close to the �rst

water peak at 3.3	A. The second peak coincides with the second water peak and grows at the

expense of the third hydrophilic peak, which stretches out further from the surface to areas of

higher water density. The same pattern is observed in the case of denatured collagen on the

hydrophobic surface in Fig. 6.11 (right), although the heights of the collagen peaks close to the

surface are lower since the deformed protein is unable to getas close as the helical structure.

These favourable interactions between hydrophobic residues and areas of low water density and

between hydrophilic residues and areas of high water density may help to further stabilise the

protein at the surface/water interface.

The same procedure of analysing the interactions of the protein with water may be used to in-

vestigate the observed behaviour of up collagen on the natively oxidised Si surface (Fig. 6.4 (left)).

Calculation of the screened surface-protein interactionswithin the implicit water model using

atomic trajectories from the explicit water simulation revealed a strong attraction. The total en-

ergy is initially low and increases during desorption of theprotein from the surface, as shown

in Fig. 6.12. The binding energy is approximately -2.5 eV in the latter stages of the simulation

with the protein in the end-on con�guration. In fact, in a separate 2 ns MD simulation in implicit

water, collagen remained strongly bound to the surface in the up con�guration, in contrast to the
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Figure 6.12: Comparison of interactions between collagen in the up orientation on the natively
oxidised Si surface in explicit and dielectric water models. (black) Total energy of the MD in
explicit water, relative to the unbound state. (blue) Surface-protein interaction energy calculated
from the same trajectory, using a dielectric water model.
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Figure 6.13: H atom density pro�les (arbitrary units) of collagen adsorption in the up conforma-
tion on the natively oxidised Si surface in the initial (left) and �nal (right) 0.2 ns of the simula-
tion. Black curves correspond to water molecules, green curves to protein hydrophobic groups
and blue curves to protein hydrophilic groups.
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Figure 6.14: Relative H atom density pro�les of up collagen on the the natively oxidised Si
surface. (centre) Average water density in 0.1	A thin, planar slices oriented parallel to the surface.
The main peak is centred close to 0	A. (top and bottom) Time evolution of hydrophilic and
hydrophobic relative H atom densities. H atoms were countedover 0.2 ns periods and separated
into 0.2 	A planar slices. Bright areas denote high H atom concentrations. See text for explanation
of arrows.



6.5. HUMAN SERUM ALBUMIN 105

behaviour observed in Fig. 6.4 (left). To explain the desorption of collagen in the presence of

explicit water, it is useful to plot the initial and �nal H atom density pro�les, which are shown in

Fig. 6.13, as well as the evolution of the H atom structure in time, which is shown in Fig. 6.14.

The water structure at the surface in this system does not change appreciably over the 2 ns sim-

ulation, and so the average density in layers perpendicularto the native oxide is shown in the

central plot in Fig. 6.14. The oscillations resemble the water structure at the natively oxidised

Si surface observed in Fig. 4.5, with a small subsidiary peakpenetrating the surface and a large

peak at 0	A, coincident with the surface hydroxyl groups. The upper plot shows the evolution

of the density pro�le of the hydrophilic H atoms as a functionof time and distance from the

surface. Fig. 6.13 (left) and the arrows labelled A and B in Fig. 6.14 reveal that these hydrophilic

H atoms are initially located in areas of relatively low water density. Similarly, the hydrophobic

H atoms show a single peak in an area of high water density (arrow C, lower plot). The initial

con�guration of the protein is, therefore, not stabilised by favourable protein-water interactions

and, furthermore, is screened from the surface by a high density water peak. The particular

stability of this con�guration in the dielectric MD simulation may be explained by the protein

being able to approach closer to the surface, unhindered by water molecules, which compete to

form hydrogen bonds with the native oxide. The dielectric medium might also underestimate the

Coulombic screening provided by the adsorbed water monolayer.

The positive binding energy of collagen at the native oxide in explicit water means that it is

energetically favourable for collagen to desorb from the surface. This desorption is re�ected in

the movement of both hydrophilic and hydrophobic groups away from the surface in Fig. 6.13

(right). The residual binding of collagen on the hydrophilic surface at a single point of contact

is illustrated by the �nal positions of some of the protein atoms inside the �rst peak in the water

density pro�le, in the region below 0	A in Fig. 6.13 (right). Arrow D in Fig. 6.14 reveals that

the protein penetrated the �rst adsorbed water monolayer after around 0.6 ns, bound directly

to the surface and remained there for the rest of the simulation. This indicates that the end-on

con�guration of collagen on the natively oxidised Si surface is stable.

6.5 Human Serum Albumin

In the initial microcanonical adsorption stage of the simulation of HSA on natively oxidised Si

in vacuum, the protein is immediately attracted towards thesurface (Fig. 6.15). HSA maintains

its end-on con�guration, with domain two pointing downwards, and forms a number of binding

sites with the surface. The resulting bound system was solvated and heated to 300 K, using
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Figure 6.15: Relaxation of HSA on the natively oxidised Si surface in vacuum.
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the method described in Section 6.3. The total energy was followed over a 1.36 ns production

run and compared with the unbound system in which the surface-protein separation was greater

than 10	A throughout the simulation. As shown in Fig. 6.16, the energy of this unbound system

appears to converge after around 0.6 ns, while the energy of the bound HSA continues to fall

throughout the simulation. Analysis of the trajectories reveals that HSA remains bound to the

surface with very little deformation. Further computationis required to determine whether the

converged total energy relative to that of the unbound stateis positive, in which case the protein

should eventually desorb into solution, or negative, whichwould allow the calculation of the

free energy of adsorption.1 One factor that does indicate that HSA will remain bound to the

hydrophilic surface is its surface density pro�le (Fig. 6.17). As in the case of collagen on the

native oxide, there is evident penetration of protein atomsinto the �rst monolayer of adsorbed

water. The direct interactions which can therefore occur between the surface and protein are

likely to stabilise HSA at the interface.

Fluorimetry measurements of HSA in solution in the presenceof quartz particles are able to

determine the initial rates of adsorption of the protein onto the mineral surface [150]. By ex-

trapolation to zero time, the desorption rate and the af�nity constantK af f , which is the ratio of

the rates of adsorption to desorption, may also be determined. It was found that the desorption

rate decreased by a factor of around104 over a 24 hour time period, indicating a degree of hys-

teresis of the solvated surface/protein system. The free energy of adsorption, at a temperature

T of 300 K, was given by� kB T ln(K af f ) and was found to decrease from its initial value of

-0.56 eV to -0.63 eV over the 24 hour time period. In order to elucidate the conformation of

the surface/water/protein interface both at early times and also following hysteresis, Ref. [148]

calculates free energies of adsorption from measured surface properties of the three components.

Excellent agreement with the experimentally determined initial free energy of adsorption was

obtained by assuming a contact area of 0.7 nm2 between the surface and HSA and the presence

of interstitial water molecules between them. Furthermore, the correct hysteretic decrease in

energy was obtained by keeping the contact surface area �xed, but assuming that the surface

and protein interact directly. This indicates that the early microscopic interactions between HSA

and hydrophilic surfaces are via the small surface area at the point of domain two of the pro-

tein. Diffusion of water molecules away from the binding site occurs over longer time scales

and increases the binding energy. This may be compared with asimilar analysis of HSA on a

hydrophobic surface [148]. Here, it was found that the earlystages of adsorption were similar

1It should be noted that the adsorption of an entire protein ata realistic surface concentration in the presence of
explicit solvent represents a relatively large computational effort. A one nanosecond simulation requires 6400 CPU-
hrs on the Cambridge HPC Service 3.0 GHz Intel processors.
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Figure 6.16: Running averages of the total energy of HSA on the natively oxidised Si surface
in bound and unbound con�gurations. Contributions due to surface-surface interactions are sub-
tracted. Energies are relative to the average converged energy of the unbound state.

to adsorption on the hydrophilic surface, but that, at latertimes, the large increase in the magni-

tude of the adsorption free energy could only be explained bydenaturation and the consequent

increase in contact surface area of HSA at the surface, with interactions still mediated by the

interstitial water.

The observations made in this work do seem to support the experimental and theoretical

deductions made in Ref. [148]. Although it is too early to measure the free energy of adsorption

of HSA on the natively oxidised Si surface, the initial conformation is stable, at least for short

time scales. As shown in Fig. 6.17, there is some penetrationof protein residues into the �rst

monolayer of water, which allows direct interactions between the surface and HSA. The initial

minimisation that I have performed in vacuum has undoubtedly sped up this adsorption process,

which is more likely to occur over much longer time scales. I have measured the surface-protein

contact surface area every picosecond by counting the number of 1 	A � 1 	A squares occupied

by protein atoms in the �rst water monolayer (up to the �rst trough after the main peak in the

water density in Fig. 6.17). The calculated surface areas are approximately constant over the

entire simulation and the average value of 0.51 nm2 is in reasonable agreement with the value of

0.7 nm2 used in Ref. [148].
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Figure 6.17: H atom density pro�les (arbitrary units) of HSAadsorption on the natively oxidised
Si surface. The black curve corresponds to water molecules,green to protein hydrophobic groups
and blue to protein hydrophilic groups. Protein atoms penetrate the �rst main peak of the water
density, which is centred close to 0	A and interact directly with the surface.

6.6 Summary

A number of classical MD simulations have been performed to study protein interactions with

both hydrophilic and hydrophobic surfaces in the presence of explicit water molecules. The

limited number of cases investigated here all seem to support the �ndings of, amongst others,

Refs. [135] and [136]. In these works, low levels of integrinbinding to hydrophilic surfaces was

attributed to the low concentration of ECM proteins that areable to bind to these surfaces. Those

proteins that do bind are characterised by small binding energies and contact surface areas, but

are not signi�cantly denatured at the surface. In this study, collagen fragments in a range of

initial conformations on the hydrophilic natively oxidised Si surface have been shown to mostly

desorb. However, the �nal structures all retain a small contact area between the surface and

protein, which is characterised by penetration of the protein into the �rst peak in the water density

pro�le. The same conclusions appear to be true for HSA on the natively oxidised Si surface.

The prediction that HSA binds in the end-on con�guration is supported by the stability of this

con�guration throughout 1.36 ns of MD simulation, though further computation is required to

con�rm this.
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In contrast, collagen has been shown to adsorb strongly ontothe hydrophobic surface, both

with the hydrophobic side of the collagen pointing towards the surface and also in its denatured

state. In both cases, it seems likely that the protein is stabilised at the surfaces by favourable

interactions with interfacial water molecules. Hydrophilic groups are attracted to areas of high

water density and hydrophobic groups to areas of low water density. These results are in good

agreement with experimental observations of high binding energies and contact surface areas of

proteins at hydrophobic surfaces. In these cases, binding energies are thought to be increased by

denaturation of the adsorbed protein over time. This deformation is likely to occur on longer time

scales than may be accessed using atomistic calculations, although the stability of the denatured

form of collagen is encouraging. It would be interesting to investigate the behaviour of collagen

with its hydrophilic surface oriented towards the hydrophobic surface to see if adsorption and the

early stages of denaturation can be observed.

The behaviour of collagen and HSA at the native oxide and H-terminated surfaces, as well as

the observations that a simple dielectric water model underestimates the binding energy of col-

lagen on the hydrophobic surface and overestimates bindingto the hydrophilic surface, indicates

that the density pro�le of water at the interface plays a crucial role in the protein dynamics. The

in�uence of the surface chemistry on this water structure isrevealed in Figs. 4.5 and 4.6. Both

the strongly hydrophilic and the strongly hydrophobic surfaces show large peaks in the water

structure at the surface. However, whereas water at the hydrophilic surface is strongly bound

close to the surface and discourages protein binding exceptfor very small contact areas, water

at the hydrophobic surface is weakly bound and stabilises bound protein conformations. Inter-

estingly, Ref. [136] reports optimum cell adhesion on surfaces of intermediate wettability, such

as the amorphous silica surface. The density pro�le of waterat this surface, which is shown

in Fig. 4.5, may reveal why this is the case. The water structure at the amorphous silica/water

interface does not show such pronounced peaks when comparedwith the strongly hydrophilic

and hydrophobic examples, and the density is uniformly close to that of bulk water. It would be

interesting to investigate whether proteins are able, �rstly, to approach closely and bind strongly

to the amorphous silica surface and, secondly, to maintain their native conformation without the

need to restructure to form favourable protein-water interactions. Such interactions would result

in a high concentration of bound proteins, which would readily bind to integrins and promote

cell growth.
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Conclusions

I N THIS THESIS, the surface chemistry and adhesive properties of oxidisedSi surfaces have

been investigated usingab initio electronic structure calculations and classical molecular dy-

namics simulations. Interactions between Si surfaces and their external environment are particu-

larly important when in contact with an atmospheric or physiological milieu, such as in implanted

MEMS devices. These interactions are mediated by the thin native oxide layer that spontaneously

forms on the Si surface in the presence of oxygen and water. Precise characterisation of the sur-

face chemistry of the native oxide layer is, therefore, crucial to the understanding of the response

of a host environment to exposure to Si devices. To this end, Ihave investigated the stress devel-

opment, charge distribution and impurity segregation in anoxidised and hydroxylated Si surface

previously obtained through FPMD. It was found that the tensile stress increased during the ox-

idation process, reaching 2.5 N/m after adsorption of sevenoxygen and two water molecules.

The oxidation states of Si species in the �nal structure ranged from Si+ to Si4+ , and their Mul-

liken charges increased approximately linearly with the number of nearest-neighbour O atoms. P

and B dopants favoured substitution at threefold-coordinated or compressed sites at the interface

between Si and the native oxide layer. This result was con�rmed by FPMD simulations, which

indicated that both dopants remained trapped at the interface while the oxide layer was built up

above them. Doping Si with P or B is, therefore, unlikely to affect the charge distribution in the

native oxide layer or the electrostatic and VdW interactions between the surface and an external

environment.

This characterisation of the surface chemistry was used as an input for the development of a

classical interatomic potential for oxidised Si. The new potential aims to reproduce the structure,

charge distribution and tensile stress of the natively oxidised Si surface previously obtained from

ab initiosimulation. Further, surface-water non-bonded interactions of the electrostatic and VdW

111
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type have been carefully parameterised. The heat of immersion of the amorphous silica surface

was measured as 166 mJ/m2, which agrees well with experimental measurements. Compared to

the amorphous silica surface, the natively oxidised Si surface was found to interact more strongly

with water, which resulted in a higher heat of immersion (203mJ/m2) and more pronounced

oscillations in the density pro�le of water perpendicular to its surface. The preparation of silicon-

on-insulator devices takes advantage of the strength of attraction between oxidised Si surfaces

and interfacial water to bond together crystalline wafers at room temperature. The amorphous

silica and natively oxidised surfaces show maximum work of adhesion values of 90 mJ/m2 and

97 mJ/m2, respectively, at approximately 1 ML water coverage. The enhanced adhesion between

two natively oxidised surfaces is explained by the larger oscillations in the water density pro�le

at the surfaces, which in turn is caused by the stronger surface-water interactions. A model of

a H-terminated Si surface was also developed to contrast with the more polar oxide surfaces.

Both the measured heat of immersion of -22 mJ/m2 and also the observed repulsion between the

surface and the water layers indicated that this surface wasstrongly hydrophobic.

The simple form of the non-bonded interactions between the surface and its external en-

vironment made parameterisation of surface-protein interactions straightforward. Large-scale

classical MD simulations aimed to clarify the atomic-levelprocesses that ultimately control cell

adhesion to surfaces implanted into the extra-cellular matrix or into the bloodstream. These

simulations revealed that protein adhesion to material surfaces is largely determined by surface

chemistry and the associated structure of the adsorbed water layers. Adsorption studies of the

NC1 domain of collagen XIV onto the natively oxidised surface were characterised by small con-

tact areas and low binding energies. The protein fragment isstabilised at the strongly hydrophilic

surface by penetrating into the �rst monolayer of adsorbed water and interacting directly with the

surface. The same seems to be true for the adsorption of an entire HSA protein on the native ox-

ide. The protein remains bound in an end-on con�guration predicted by the literature throughout

a 1.36 ns simulation, though further calculation is required to con�rm its stability. In contrast, the

NC1 domain of collagen XIV with its hydrophobic surface oriented towards the H-terminated Si

surface has a large free energy of adsorption of -1.6 eV and a large contact surface area. Colla-

gen is stabilised in this conformation by favourable protein-water interactions, in agreement with

experimental observations.

The investigations of further surface/water/protein interfaces would be an interesting subject

for further work. In particular, further simulations of proteins at the H-terminated Si surface and

at surfaces such as amorphous silica may be able to clarify the mechanisms behind experimental

observations of denaturation at hydrophobic surfaces and enhanced cell growth at surfaces of
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intermediate wettability. The newly developed potential for the natively oxidised Si surface may

also be used to investigate the effects that deprotonation of the hydroxyl groups and adsorption

of positively-charged counter-ions have on the adhesive properties of the surface. Studies on TiN

surfaces have found that similar processes lead to thein vivonucleation of calcium phosphate on

orthopaedic implants [120,151].

I have shown, in this thesis, the power of bothab initio and classical molecular dynamics

simulations in the prediction of mechanistic details that are dif�cult to access experimentally. On

one hand, by treating the system classically, we may simulate the long time dynamics of large

systems, but are limited by our initial assumptions. On the other hand, we have unbiasedab initio

techniques that accurately model the chemistry of the system, but which are limited by the system

size and time scales that may be modelled. In principle, the chemistry at the surface/protein

interface should not be excludeda priori. The same is true for the brittle fracture of Si in the

presence of oxygen, in which bond breaking and oxygen adsorption at the crack tip require

�rst principles simulation, while the remainder of the system must be modelled classically by a

potential capable of describing the range of oxidised Si species and the stress distribution present

in the newly formed fracture surface. This system requires hybrid techniques, such as the “Learn

on the Fly” method, which combine both large system sizes andaccurate quantum descriptions

of limited portions of the simulated system. The investigation of systems such as these, through

the combination of the classical potential developed in this thesis with existing hybrid schemes,

will be the subject of future work.
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[135] U. Jönsson, I. Lundström, and I. Rönnberg.J. Coll. Inter. Sci., 117:127, 1987.

[136] P. B. van Wachem, T. Beugeling, J. Feijen, A. Bantjes, J. P. Detmers, and W. G. van Aken.

Biomaterials, 6:403, 1985.

[137] J. C. Hower, Y. He, M. T. Bernards, and S. Jiang.J. Chem. Phys., 125:214704, 2006.

[138] A. M. Bujnowski and W. G. Pitt.J. Coll. Inter. Sci., 203:47, 1998.

[139] A. N. Cormack, R. J. Lewis, and A. H. Goldstein.J. Phys. Chem. B, 108:20408, 2004.

[140] R. A. Latour and L. L. Hench.Biomaterials, 23:4633, 2002.

[141] G. Voskerician, M. S. Shive, R. S. Shawgo, H. von Recum,J. M. Anderson, M. J. Cima,

and R. Langer.Biomaterials, 24:1959, 2003.

[142] B. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts, and J. D. Watson.Molecular Biology

of the Cell. Garland Publishing, New York, 1983.

[143] C. Giry-Lozinguez, E. Aubert-Foucher, F. Penin, G. Deléage, B. Dublet, and M. van der
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