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Summary Daniel Cole, Queens' College

| have used density functional theory and classical mo&aynamics to study the chemistry
of the native oxide layer on the Si(100) surface. Surfacdation is accompanied by the devel-
opment of tensile surface stress and by formation of Si sgegith a range of oxidation states.
Total energy calculations of P and B substitution into thigelexayer and rst principles molecu-
lar dynamics simulations of oxide growth on the doped serfamth indicate a surface oxidation
mechanism whereby impurities remain trapped at the Sj/8i@rface. A new two- and three-
body classical potential is developed to simulate the hyyeded, natively oxidised Si surface
in contact with water solutions and biological moleculefie potential parameters are chosen
to reproduce the structure, charge distribution, tensitess and interactions with single water
molecules of a natively oxidised Si surface previously ot&d byab initio simulations. | apply
this classical potential to study the atomic-level proesghat determine the mutual adhesion
between hydrophilic Si wafers during room temperature loondMoreover, | have investigated
the adhesion mechanisms of proteins such as collagen arahhaerum albumin, which mediate
the interactions between cells and implanted Si-basedégvi
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Chapter 1
Introduction

NTERACTIONS BETWEEN Si-based microelectronic and micromechanical systemsiaid
I external environment are particularly important whentiseirfaces are in contact with an
atmospheric or physiological milieu. For example, the pration of silicon-on-insulator de-
vices takes advantage of the strong adhesion between edidisl hydrated Si surfaces to bond
together crystalline wafers, as shown in Fig. 1.1 (left).avehile, the implantation of Si-based
devices into tissues or into the bloodstream results in ichate protein and cell adsorption onto
the material surface (Fig. 1.1 (right)). The key to sucads3évice implantation is the ability
of the surface to control protein adsorption and, hencejeguell assembly and promote com-
patability with the surrounding tissue. In both of theselmapions, the adhesive properties of Si
devices are determined by the surface chemistry of thenhine oxide layer that passivates the
Si surface under normal conditions. Precise charact@nmsaf this native oxide layer is, there-
fore, crucial if we are to understand the atomic-level psses that occur between Si surfaces
and an external environment.

Figure 1.1: (left) Silicon-on-insulator device prepasatby room temperature wafer bonding [1].
The bonding front propagates between the wafers by apiglicaff a small pressure. (right)
Scanning electron micrograph of platelet adhesion to ar®se sample [2].



2 1. INTRODUCTION

Following a review in Chapter 2 of thab initio and classical methods that underlie this
work, Chapter 3 investigates the change in Si coordinatr@hsarface stress evolution during
formation of the native oxide layer on the Si(100) surfacert®ans of density functional theory.
The reactivity of the resulting surface towards water agison is explained in terms of the
surface charge distribution and stress build-up duringlatxbn. The interactions between the
oxidised surface and an external environment are largedynuin-covalent nature and, therefore,
depend heavily on the charge distribution within the natixigle layer. This charge distribution
may, in practice, be affected by P or B dopants present in thel8 if they tend to segregate
into the oxide layer. | investigate the stability of thesg@aots on various sites in the oxide layer
and complement this approach with rst principles molecudgnamics simulations of oxide
growth in the presence of surface dopants. This combingtt stad dynamical approach is
able to determine the thermodynamically stable dopantipasiand reveal oxidation reaction
mechanisms that are dif cult to access experimentally.

The above simulations, based on density functional theahyprovide valuable information
about the structure and surface chemistry of the nativeigised Si surface. However, if we
are to model adsorption processes on Si surfaces that ogeutemgth and time scales that are
inaccessible tab initio methods, it will be necessary to appeal to classical modeaynamics
simulations. To this end, the information obtained fromt psinciples simulations of the native
oxide layer on the Si(100) surface will be used to developvaciassical potential for oxidised
Si systems (Chapter 4). Further, in order to simulate thesida properties of oxidised Si sur-
faces in a wet environment, it will be necessary to pararnsetad hocthe relevant non-bonded
interactions. This potential will, therefore, aim to reguge the structure, charge distribution,
tensile stress and interactions with individual water rooles of the natively oxidised Si sur-
face obtained fronab initio simulation. In order to test the accuracy of this paramsa¢ion,
the structural and energetic properties of the interfaddsoth amorphous silica and natively
oxidised Si with water will be investigated and comparechwexperiment.

I will use the newly developed potential in large-scale sieal molecular dynamics sim-
ulations to investigate the atomic-level processes thtaroene adhesion on the oxidised Si
surface. The strength of adhesion between Si wafers in reampérature bonding experiments
will be studied as a function of surface water coverage (@&rdy). The dependence of the max-
imum bonding strength on the surface chemistry will be expld in terms of water structure
at the interface, which in turn is determined by the stremdtime surface-water interaction. Fi-
nally, in Chapter 6, | will extend the potential further tacaant for non-bonded interactions of
both the natively oxidised Si surface and a hydrophobicrifieated Si surface with biological



molecules. Collagen and human serum albumin, which aredamimproteins in the extra cellular
matrix and bloodstream, respectively, will be used as exesrtp model the early stages of pro-
tein adsorption on implanted material surfaces. The adsorpf an entire protein onto models
of realistic device surfaces in the presence of expliciewatolecules represents a large compu-
tational effort and will elucidate the in uence of the suwéachemistry and associated structure
of adsorbed water on the strength of protein binding.
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Chapter 2
Theoretical Background

N THIS THESIS a wide range of material properties are considered, sooureequantum
mechanical accuracy for the description of bond breakirgfarmation, others the simula-
tion of long time scale dynamical behaviour. In order to diéscsuch a variety of properties,
a number of theoretical techniques are required. This ehnagstly reviews ab initio meth-
ods for detailed electronic structure calculation, fokaby a discussion of classical molecular
dynamics techniques for the simulation of larger systemsayosecond time scales.

2.1 Ab Initio Methods

2.1.1 Introduction

One motivation for quantum mechanical simulations is therd¢o understand the rich variety of
atomic scale properties and behaviour that occur in nafire attraction ofb initio techniques
is their ability to provide experimentally veri able prextions from the input of just a set of
atomic numbers and rough starting coordinates for the atoms

Density functional theory reformulates the time-indepamtdSchrodinger equation (Sec-
tion 2.1.2) in terms of the electron density and, in this wawkes the calculation of a large
number of ground state properties computationally trdetdh the following sections, | give an
overview of density functional theory (Section 2.1.3),mapiemented in the £sTEP code (Sec-
tion 2.1.4). The machinery that makes such calculationsd®jaamely the exchange-correlation
energy functional (Section 2.1.5), the plane wave basiéSsition 2.1.6) and pseudopotentials
(Section 2.1.7) are discussed and the approximationsenhénerein are justi ed. Finally, in
Section 2.1.8, the Hellmann-Feynman theorem is used teedtiré forces required for the equa-

5



6 2. THEORETICAL BACKGROUND

tions of motion that govern the behaviour of nuclei in rsimiples molecular dynamics simu-
lations. The following sections should be seen as an owsrgfahe subject and more detailed
discussion may be found in Refs. [3, 4].

2.1.2 The Many-Body Schibdinger Equation

Central to the development of quantum mechanics, a branphysics that has underpinned a
century's experimental and theoretical research in thd aflcondensed matter, was the formu-
lation, in 1926, of the Schrodinger equation [5]. The timdependent Schrodinger equation has
the simple form:

Rj i=Ej i; (2.1)

and describes the non-relativistic behaviour of nucleigedtrons in condensed matter systems.
For a system olN particles, the many-body wave functionis a function of the Bl coordinates

nding particle 1 at positiorr 4, particle 2 at positiom,, and so on. Furthermore, the outcome

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

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

Schrodinger equation gives one complete knowledge of tlysipal and chemical properties of

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

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

simple system, reveals a great deal of complexity.

For a system of nuclei and electroitib is written in atomic units as:

g X 1 X L1 11X ozz Xz

Iri i

r: - - - - -
2 | 2M|| 2i;j6ijri il 2I;J6IJrI ral

(2.2)

il

where the lower (upper) case indices refer to electrond€nud, andZ, are the nuclear masses
and charges, respectively, and sums are over all electrmhsuglei in the system. The rst two

terms describe the kinetic energy of the electrons and naictethe nal three terms respectively

account for the electron-electron, nucleus-nucleus aedrein-nucleus Coulomb interactions.
The coupling between the electronic and nuclear coordériatequation 2.2 makes an analytical
solution to the equation impossible for the systems of @gein this work and we must instead
resort to a number of approximations. To begin, let us exarttie interactions between the
electrons and nuclei. In our system, the forces on the elestand nuclei are the of the same
magnitude. However, the mass of the nucleus is much largerttiat of the electron and, hence,
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its velocity is much smaller. We can, therefore, view thettmns as moving in a eld generated
by nuclei in static positions,, which has the effect of decoupling the electronic and rarcle
motion. With this assumption, known as the Born-Oppenheapgroximation [6], the resulting
electronic Hamiltonian is written as:

1 X, X 1 X
A 2 it 2 jn i T v(ri)
i ij 6i i
= f+ Oee+ Oext; (2.3)

where the three terms correspond to the electronic kinegogy, the electron-electron Coulomb
repulsion and the external eld of the nuclei. Even aftesthimpli cation, it is clear that the
state of one electron depends on the state of every othdraien the system. It is this prob-
lem of solving the interacting electron Hamiltonian ef oity 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 cédtion of ground state, that is zero
temperature electronic equilibrium state, propertiefiefdystem. Solving the Schrodinger equa-
tion variationally gives the ground state total enekgy

Eo = minh jBj i = minh jT+ Ve + X v(r))j i: (2.4)
|
Several methods search for an upper bound to this grourelestatgy by searching for the wave
function that minimises jHj i within a restricted basis set. For example, within the Hrtr
Fock approximation, the trial wave functions are linear bamations of Slater determinants.
However, these methods are either too approximate or toguetationally demanding and are
therefore infeasible for systems of many atoms.

DFT reformulates the problem of minimising over all possiave functions, consisting of
3N variables, by introducing the scalar charge density, abing of just three. The rationale
behind this substitution is the Hohenberg-Kohn theoremiclvistates that there is a one-to-
one correspondence between the ground state densitjNoél@ctron system and the external
potential acting upon it [7]. The consequence of this theoiethat the total energy of such a
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system is a unique functional of the electron density:
z z
E[n] = T[]+ Veefn] +  d*r v(r)n(r) = F[n]+  dr v(r)n(r); (2.5)

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

electron density is that which minimises the functional 2r6], giving the exact ground state

energy. Differentiating equation 2.5 with respech{o) and introducing the Lagrange multiplier
to ensure xedN:

+v(r)= : (2.6)

F
n(r)
Although the above analysis is exact, it brings us no closex solution since we do not
know the forms of the universal functionaf§n] and¥).[n] in terms of the electron density. It
was the work of Kohn and Sham that set out a practical schemeafoulating ground state
properties [8]. Importantly, they considered a ctitiougsgem ofN non-interacting electrons
(Vee = 0), whose ground state density is:

X\l - .2
niry=j i« (2.7)
i=1
De ning an external potentials(r), such that the ground state density of the non-interacting
system is equal to that of the interacting system, equat®ib@comes:

Ts
n(r

+Vs(r) = (2.8)
The exchange-correlation energy,[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,
Z Z

! d*r d*r° nrn(r). (2.10)

ulnl = 3 ir rq

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

Un], Exlnl
n(r) n(r)

ve(r) = v(r) + (2.11)
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This method solves;[n] exactly by nding the Kohn-Sham wave functions(r) that minimise
the expectation value of the non-interacting electron tiknenergy for a given density, rather
than the wave functions that minimi$# + V.. U[n] andv(r) may be calculated directly
from the resulting electron density, and so the exchangesledion energy is the only term for
which an approximation must be made. This is a sensible agpalsE,., which contains both
the non-classical exchange interaction and the differéete@een the true and non-interacting
kinetic energies, is typically much smaller than the kioethergy and might therefore allow
approximations to give reasonable accuracy.

2.1.4 DFT Implementation

Now that the theory is in place and assuming that reasoriahléunctionals are available, it is
possible to see how the ground state energy of the integasyistem may be calculated:

Choose a trial electron densityr);
Solve equation 2.11 to nds(r);

Solve the non-interacting Schrodinger equation for tleeigd state to nd the wave func-
tions that minimise the expectation value of the kineticrgpe
1 2
Hks i(r) = Srit vs(r) i(r)= i i(r); (2.12)

Re-calculata(r) using equation 2.7 and repeat the previous two steps ulitdeesistency
has been achieved.

The solution of equation 2.12 requires the diagonalisatibthe Kohn-Sham Hamiltonian at
each iteration of the charge density. Standard matrix diatation techniques scale &3,
whereM is the number of basis functions. However, since the numbecaupied statesl is
much less than the number of basis states in a plane wavedeagsee Section 2.1.6), much of
the information obtained in the process of matrix diagaaion would be redundant. Instead,
a conjugate gradients method can be used [3], which itedgtimproves the set of trial wave
functions to generate just the r#t eigenvalues of the Kohn-Sham Hamiltonian.

Once the ground state charge density is converged, the metgy is calculated via equa-
tions (2.5) and (2.9):

x Z ;2 Z
Eo = dr i(r)7' i(N+ Un]+ Ex[n]+  d® v(r)n(r): (2.13)
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Of course, the energy may be calculated from any trial dgrsitt only once the energy is con-
verged below a de ned threshold and a good approximationdg@tound state has been achieved
does this energy have any physical signi cance. The CAngwiferial Total Energy Package
(CAsTEP) [9] implements the DFT technique for the calculation ofrd state properties. The
following sections discuss the exchange-correlation temmch must be approximated in or-
der to solve the Kohn-Sham equations, as well as furthenmtgaks developed to increase the
ef ciency of the calculation.

2.1.5 Exchange-Correlation Energy

As discussed in the previous sections, the method of KohrSaiagh has not removed the com-
plexity of the interactions between the electrons, but aply reformulated the problem into
nding the new termE,.[n]. As implied by its nameE: c[n] consists of two contributions, the ex-
change energy and the correlation energy. The fermionirealf electrons means that the wave
function in a many-body problem must be antisymmetric uredehange of any two electrons.
This antisymmetry requires electrons of the same spin tphtally separated. The decrease in
the electron-electron Coulomb repulsion, which is a consage of this non-classical require-
ment, is called the exchange energy. Similarly, separdtiegelectrons of opposite spin will
decrease the Coulomb repulsion, at the cost of deforming/éive function and increasing their
kinetic energy. The correlation energy is, therefore, thergy difference between the expec-
tation value of the sum of the kinetic and Coulomb energiesfointeracting system and that
expectation value calculated using the non-interactingrik6ham wave functions.

At present, it is not possible to calculate the correlatiaergy directly for complex sys-
tems. What makes a solution possible is not only the factthigatermE,[n] is typically small
compared to the kinetic energy, but also that seeminglyenapproximations to the functional
work surprisingly well. The rst, and simplest, approxin@at was introduced alongside the
Kohn-Sham equations and is known as the local density appation (LDA). In the LDA, the
exchange-correlation energy is given by:

Z
Ex* [n]=  d°r n(r) x(n(r)); (2.14)

where ,:(n(r)) is the calculable exchange-correlation energy per eleafca homogeneous
electron gas of densitg(r) [10]. The accuracy of the LDA seems surprising given that the
electron density is anything but uniform close to atoms i@ 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 tleeteon density, a second class
of E,c[n] was developed known as the generalised gradient appragim@GA). In the GGA
scheme, the exchange-correlation energy is also a funotithre density gradient:

Z
ESCAINl = d® n(r) x(n(r);r n(r)): (2.15)

This approximation led to improvements in binding and disstion energies, especially for
systems containing weak interactions, such as hydrogetisbhdrhe GGA parameterisation due
to Perdew, Burke and Ernzerhof is used throughout this wtizk [

2.1.6 Plane Wave Basis Set

We have so far shown that the complex behaviour of a systemterfacting electrons may be
reformulated in terms of a set of Kohn-Sham wave functions) the electron-electron interac-
tions con ned to the approximatefl,.[n] functional. In condensed matter physics, systems of
interest are generally based on periodic crystals, etfelgticonsisting of an in nite number of
electrons whose wave functions are spread over the enticeasw which, therefore, require an
in nite basis set to describe them. Bloch's theorem exgltliie periodicity of the system to write
the Kohn-Sham orbitals as a product of plane wave and cetdierparts:

(1) = €47 (r);
fir (r) = fix (r + R): (2.16)

Solutions of the Kohn-Sham equations involving integralsgal space, such as the calculation
of the kinetic energy, N i
T[n] = (5w (2.17)
i

are replaced by sums over an in nite number of Brillouin zameetors,k, in reciprocal space.
However, the electronic wave functions at closely spacpdints are almost identical and, there-
fore, the electronic states and the total energy may be lesdcliby carefully choosing a special
set ofk-points in the Brillouin zone to represent the wave funcéi@ver a larger region dt
space [13]. In practice, calculations should be perfornrd tine total energy is converged with
respect to the number &fpoints sampled.

The periodicity of the cell periodic part in equation 2.4 (r) is such that it satis es
fik(r) = fix(r + R) for all lattice parameter® so that it too may be expanded as a set of
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plane waves with wave vecto@G satisfying the expressioB:R = 2 m (for integerm). The
resulting basis set is a superposition of plane waves wiplaresion coef cients;.x+ g :

X .
ik (r) = Ci;k+Ge|(k+G):r: (2-18)
G
In principle, an in nite number of such plane waves is reqdito fully describe the Kohn-Sham
orbitals. However, in practice, the basis set is truncateccat-off energye ., expressed in terms
of the kinetic energy of a free electron with wave vector égughat of the highest wave vector

in the basis set: ) .
_ jk+ Gj?.

2

That is, only the discrete set of plane waves of energy lohanE. are included in the wave
function expansion. The justi cation of this approximatiis explored further in the next section.

Plane wave basis sets have many advantages in periodiosyskbey are complete and have
a single convergence criterid@, which may be increased to converge the quantity of intéoest
arbitrary accuracy (within all other approximations). longantly, they are unbiased, so that all
space is treated with equal accuracy. As a consequence,whes are completely transferable,
unlike minimal sets of localised, atom-centred basis setéch may need re-optimisation for
each new environment. The lack of bias, however, also mémtdree space incurs the same
computational cost as regions of interest. The extra cogaiscularly relevant in this work,
where the study of surfaces requires large regions of vadwetmeen surface slabs to prevent
ctitious interactions between them. This is an examplehsd supercell approach, illustrated
in Fig. 2.1, in which an aperiodic system is converted inteeaqulic system so that it may be
treated by standard solid state electronic structure ndstho

= (2.19)

2.1.7 Pseudopotentials

In the previous section, we have introduced two further axipmations to make the implemen-
tation of DFT feasible, namellg-point sampling and a basis set energy cut-off. At rst sjght
seems that the second approximation is too drastic. It iskmelwn that electronic wave func-
tions vary rapidly close to the atomic core, requiring highgiency, and hence high energy,
plane waves to describe them.

The electrons in an atom may be separated into two types:etecaons, which are tightly
bound to the nucleus, and valence electrons, which prigndeermine the binding properties of
solids. Valence electron wave functions are slowly varyimtpe bonding region, but, to maintain
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Figure 2.1: Supercell geometry for a bulk-terminated Sij1€urface. The periodic cell is indi-

cated by dotted lines. The vacuum gap between periodic immafjthe surfaces must be large
enough to prevent ctitious interactions between periatlicrepeated layers.

the condition of orthogonality with the core electrons, tuate rapidly closer to the nucleus. In a
plane wave basis, the cut-off energy required to descrisethapid uctuations in an all-electron
calculation would be prohibitively high. The pseudopoi@rapproximation takes advantage of
the fact that core electron states are typically unaffebedhanges in the environment of the
atom to replace the core electrons and nuclear potentialdmgathly varying pseudopotential
that acts on a set of valence electron pseudo wave functibims.new pseudo wave functions
vary less rapidly close to the core and may be expanded ima plave basis set of lower cut-off
energy.

The transformation from a set of core electrons moving withnuclear potential to a pseu-
dopotential description must be performed with care. THenge electron eigenvalues should
be conserved and their wave functions and derivatives dhimritontinuous at all points. In the
case of norm-conserving pseudopotentials, the integrietharge within the core region is
maintained within the pseudopotential approximation. ey, it has been found that fewer
plane waves are required for a given accuracy if this nalstomint is relaxed [14]. Such pseu-
dopotentials are described as ultrasoft and are used thootithis work. For example, a single
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ultrasoft pseudopotential for Si was used to calculate tiresive energy, that is, the energy dif-
ference between the ground state energy per atom in the bdltha energy of an isolated, spin
polarised atom. The cohesive energy is converged to 4.58t@wi/(an error of 26 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 groumties¢lectron density in a xed
external potential, that is, a xed nuclear con gurationy Bonsidering the external potential

v(r) in equation 2.13 to be a function of the coordinates of théeiug, the ionic forces may be
calculated according to:

dg, X d

f, = a | —h jAksj i (2.20)

dr|

The Hellmann-Feynman theorem makes use of the fact thatedactionic wave function is an
eigenstate of the Kohn-Sham Hamiltonian to re-write thedas:

X . _
fi=" hj @éfsj ih @—I'jr’IKsj ih ijr’IKsj@—l'i
_ X . @fks . @, . .
= | h i ) ] il |@Ih i] il
X . @QKS- .

= h i i 2.21

| @IJ [ (2.21)

sinceh ;j ;i is a constant through the normalisation constraint. Thigortant result naturally
leads to the ability to perform geometry optimisation andatyical simulation within the DFT
framework. In the case where only the equilibrium con gimatof a set of atoms is required,
a geometry optimisation can be performed using a dynamigallation in which the kinetic
energy of the electrons and ions are removed from the systdternatively, the nuclei can be
moved in a series of steps in a direction calculated from tfeetion of the ionic forces using the
BFGS conjugate gradients method [15]. The requirementliieat; are eigenstates of the Kohn-
Sham Hamiltonian means that after each step the wave fursatmust be optimised for the new
ionic con guration. Since only the ground state ionic conrgtion is of interest, the presence of
spurious Hellmann-Feynman forces, which are due to theatleni of the wave functions from
the true ground state, may be tolerated along the path tdilmgquin. Once the magnitudes of
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the ionic forces have fallen below some de ned threshold, gbsitions of the nuclei and the
corresponding electronic density are said to be conve#tetground state.

In a similar fashion, equations of motion for the lattice tegs of the unit cell may be related
to the stress tensor , which may be determined analytically from the expression:

1dE, .

T (2.22)

Given these stresses, the lattice vectors of a unit cell e can be evolved until the total
ground state energy is minimised with respect to the stremsdr [16]. For example, a
geometry optimisation of the eight atom bulk Si unit cellwis@n energy minimum for a lattice
parameter of 5.454 (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 wiskxplore local minimum struc-
tures of the potential energy surface at a nite temperatimen molecular dynamics simulations
can be used. In this method, the nuclear coordinates evobading to the stepwise integration

of Newton's second law:
dE,

dr, -
In this case, the dynamics of the system at each time stepoertamt and the accurate ground
state electron density is therefore required at each sRgeaptimisation of the wave functions
at each step would be too computationally expensive, buthanse for extrapolation of the

ground state wave function from the previous steps has beeziaped that makes rst principles

molecular dynamics schemes viable [17].

M, ¥, =f| = (223)
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2.2 Classical Methods

2.2.1 Introduction

The techniques described up to now are generally appliegsie®s of up to a few hundred
atoms, allowing the accurate determination of ground stadperties and the simulation of tens
of picoseconds b initio molecular dynamics. However, to study the interactionseafistic
device surfaces in a physiological environment, whered@rge interactions play an important
part and even the initial stages of protein adsorption td&eepon the nanosecond time scale,
methods that can be extended to larger numbers of atoms agdrltimes are required. To
this end, a number of classical molecular dynamics codes begn written, which aim to solve
Newton's equations of motion for many thousands of atontsratting via a pre-de ned classi-
cal force eld. There is, however, a price to pay in de ningete interactiona priori. Once the
classical force eld is transferred to new environmentsitasust be to make new predictions,
there is no way of testing its applicability.

In this work, all large-scale simulations are carried ouhgghe D._PoLy molecular dy-
namics package [18], modi ed to include existing force sl|dvhich will be discussed in Sec-
tion 2.2.4, and a new force eld developed as part of this wavkich will be described in
Chapter 4. _PoLy has been successfully applied to a range of condensed re@tigiations,
including phase transitions in silica [19], magnesium exsdirface slabs in water [20] and pro-
tein stabilities in solution [21].

In Section 2.2.2, | present the Lagrange formulation of tnga¢éions of motion that underlie
classical molecular dynamics. | review methods used fosthetion of the equations of motion,
including systems with constraints, and discuss the usegoticity to relate particle trajectories
to macroscopic observables (Section 2.2.3). Section #&sdribes the force elds used in this
work to simulate properties of biomolecules in solution duik crystals. Finally, the use of
classical molecular dynamics to calculate bulk and suréass (Section 2.2.5) and the use of
DFT results to parameterise atomic charges (Section 2aPebiliscussed. Further information
may be found in Refs. [22] and [23].

2.2.2 Lagrange Equations of Motion

An important concept for a system &f atoms is its phase space, consisting dd3M di-



2.2. CLASSICAL METHODS 17

tem is that for which the action, Z
L dt; (2.24)

is an extremum. The Lagrangidn may be expressed in terms of the system's total kinetic
energyT and potential energy':

L =T(pg;::pn) V(rgiiory): (2.25)

In order to be a solution to equation 2.24, must satisfy the Lagrange equations, expressed here
in Cartesian coordinates:

d @ @

& @ a:o; i=1:::0:N: (2.26)

Newton's second law, relating the motion of an atom to thedaacting on itf;, which is the
gradient of the potential energy function, follows dirgdtiom the Lagrange equations:

1 N

L = é|v| r2  V(r); (2.27)
i=1

M¢i=1r1 V= fi: (228)

Given an initial set of coordinates and velocities, th8sesecond order differential equations
may be solved using methods outlined in the next sub-settiamd the particles' coordinates
at all later times. The applicability of this method to thalreorld depends on the quality of the
potential energy function V, which will be discussed in $&ct.2.4.

2.2.3 Integration Algorithms
The Velocity Verlet Algorithm

In order to obtain particle positions and velocities at tinadn from those at time t, it is necessary
to integrate Newton's equations of motion. For this purpde PoLy uses the velocity Verlet
scheme [24], which has the advantages of being both simpregement and time-reversible.
As shown below, the error in the calculated velocity incesaas the cube of the time step, which
Is an improvement over the original Verlet algorithm, foriefhthe error increases as the square
of the time step. Performing a Taylor expansion of the cowmtdis to second order in the time
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steph gives:

ri(t) + hra(t) + h;fi(t)+ o(h’)

ri(t + h)

e ()
2 M

ri(t) + hri(t) + + O(h®): (2.29)

After updating the forces at the new particle positidi(¢ + h), the new velocities may be
calculated via a similar Taylor expansion:

fi® h? (1)

nt+h) = 6+ hpm+ 5o o(h?)
- . hfi(t)+ fi(t+ h) .
= L+ 5 u + O(hd); (2.30)

where the rst order expansidi(t + h) = f;(t) + hfi(t) has been used. Particle trajectories may
therefore be calculated by iteratively solving these vigyoderlet equations at each time step.

Constraints

When setting up a molecular dynamics simulation, not onlysimwe decide on a suitable in-
teraction potential and starting conditions, but we must @hoose a suitable time step. The
relevant time scale here is the period of atomic bond vibrgtin the system. The time step
should be chosen such that the forces are sampled a numliesfduring one oscillation. For
example, an oxygen molecule has a period of vibration of 2%dsa time step of the order of
1 fs would be suf cient. However, bonds involving hydrogempically oscillate at least a factor
of two faster [25], requiring smaller time steps, and henceeniterations of the velocity Verlet
algorithm. Instead, to save computational time, the lemgtfhthese bonds are often kept xed
at their equilibrium values throughout the simulation. TR&TTLE algorithm [26] is used in
this work to integrate Newton's equations of motion with straints on the lengths of bonds
involving hydrogen and ts within the velocity Verlet schendescribed above. A constraint
between two atomisandj is de ned in terms of their equilibrium separatiap:

i = jri I'jjz dﬁ =0: (231)
And, by differentiation, a similar constraint can be de rfed their velocity:

(i ) (ri r;)=0: (2.32)
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The Lagrange equations (equation 2.26) can be extendedtensy with constraints, resulting
in the following expression:

a @ g=x ij@; i=1;:::;N: (2.33)
d @ @; i @;

A re-derivation of the velocity Verlet equations now inchstthe time evolution of the Lagrange
multipliers j , which are chosen to satisfy the position and velocity aaiists. In the RATTLE
algorithm, the Lagrange multipliers are iteratively adgasat 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 thogiy Verlet scheme generates a
set of particle trajectories. These trajectories may bé&us® determining mechanistic details,
but if we are to relate them to macroscopic properties of yistesn, we must make use of the
ergodic hypothesis. An ensemble average, as measured énireent, is an average over all
systems sharing a common macroscopic state but with diffenécroscopic states. Biological
processes typically occur at room temperature and pressuwteare, therefore, in a constant
temperature and pressure ensemble. The ergodic hypostass that a time-averaged property
measured in molecular dynamics is equal to the ensemblag®eas long as the simulation
time is long enough that virtually all microstates of theteys are sampled. For example, the
conserved quantity in the velocity Verlet scheme is thd ttargy:

X
M rZ+ V(r): (2.34)
i=1
As long as the system follows a constant energy phase-sgzgeetory, the kinetic and potential
energies are free to uctuate. At equilibrium, the ergodipbthesis may be used to equate the
time-averaged kinetic energy to the macroscopic temperatu
Z
. 1t 3
ATi = lim—-  T(py;:::;pn)d = =Nkg (2.35)
1t 2

wherekg is Boltzmann's constant.
To begin a molecular dynamics simulation, the system isllysuat heated slowly to the
desired temperature. In this work, the temperature is asze over a number of stages using
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velocity rescaling [27]. In this technique, the momentuneath particle is regularly rescaled
by afactorof o= ,where , is the target temperature andis the current temperature. The
total kinetic energy, which is proportional to the squarehaf particles’ momenta, is therefore
kept constant at each temperature stage. Once the sinmutatitperature is reached, velocity
rescaling is continued until the pressure and total energyr@ghly constant. At this point,
the production run begins in the microcanonical (constatatl Energy) ensemble, during which
trajectories are stored and macroscopic properties ofytsters calculated.

Even after equilibration, drifts in the system temperatuggy be observed as microstates of
different potential energy are explored. A ‘real' systemasnected to the rest of the universe,
which acts as an essentially in nite heat bath, maintairgogstant temperature conditions. In
molecular dynamics simulations, the computational cosgxplicitly representing such a heat
bath would be prohibitively high. Instead, the temperatsimonitored and, if signi cant devia-
tions from the desired temperature occur, heat is fed intermoved from the system. This may
be achieved by the velocity rescaling method describedeaboby 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 exploratiothefphase space of large, complex
systems is a representative potential energy functiomgroef eld, V. Such a force eld should
be simple and easily differentiable, whilst preservingféegures of the more accurate, yet time
consuming,ab initio methods that we expect to be important for the dynamical\betia of
the system.V is usually expressed as sums of two-, three- and, sometfowashody particle
interactions and may be written in the general form:

X X
V= Vi (rij) + Vi (Fij 5 T T ) + 20t (2.36)
1 igj 1 i<j<k
where the indices, j andk run over all atoms of the simulated system apd= r; r; is the
vector connecting atomwith atomj . Classical force elds are used in this work to describe a
number of systems, ranging from biomolecules in solutiosilioon and silica surfaces.

A Biomolecular Force Field

The DL_PoLy description of nucleic acids and proteins in the conden$ed@is based on the
force eld that was written down and parameterised by Weetexl. [30]. More recently updated
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by Kollman et al. [31] for use in the MBER classical MD package [32], this force eld represents
interatomic interactions as sums of bonded and non-boratatst

X X X v
vV = Ke(r ro?+ K o)?+ SM+cosm )]
bonds " angles # dihedrals
X L 12 .6 X . . X
+ 4; L £+ A Biy 9. (2.37)

Fij Fij rj

H bonds Y !

i<j i< Y

The terms in the rst line describe covalently bonded atomegdelling their interactions with
harmonic potentials for bond lengtihhsand bond angles, as well as controlling the angle
between planes of atoms through the dihedral term. Thegponstant¥,, the equilibrium
bond lengths, the torsional spring constars , the equilibrium bond angleg and the dihe-
dral constant¥,, n and are tto ab initio or empirical measurements of small model systems
designed to capture the essential features of bonding gedanolecules (for example, single
amino acid residues).

The terms in the second line of equation 2.37 account foioatmonded interactions between
pairs of atoms andj separated by a distancg = jrj; j within some pre-de ned cut-off length.
The Van der Waals (VdW) interactions are of the standard aeivdones (LJ) form where, for
each pair of atoms, we deng = pi—,- and j =2 ¥°( ;+ ), such that the minimum
energy separatioﬂf"” IS i+ andV(r{j“‘”) = P 7. InthesystemX-H Y (X,Y=0,N
or S), the interaction between H and Y is described by thedggit bond, or 10-12, potential,
which allows ne tuning of the hydrogen bonding distanced anergies.

The nal term is the long-ranged Coulomb interaction, whiglevaluated via the Ewald sum
for periodic systems [33]. In this method, atomic chargesepresented as xed, partial charges
g, centred on the atoms. Long-ranged electrostatic forags imajor role in the interactions
of biomolecules with surfaces and so the evaluation ofggh&hich will be discussed in Sec-
tion 2.2.6, to a large extent determines the accuracy of simhlations. Instead of summing
the potentially in nite number of pairwise Coulomb intetens between the point charges, the
Ewald method adds a spherical Gaussian cloud of oppositgebt@aeach atom, effectively neu-
tralising the atomic charge at long-range. To return théesygo its original state, a similar
Gaussian cloud, this time of the same sign as the atomic ehiargdded at each atomic position
and its interactions evaluated in reciprocal space. HOLY implements the smoothed parti-
cle mesh Ewald method, in which the reciprocal space sumrfenpeed on a rectangular grid,
reducing the scaling of the computational time frbidto N logN [34].

As will be shown in Chapters 5 and 6, the presence of liquicewhas a profound effect
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Figure 2.2: The rst hydration shell of a typical TIP3P wateonomer. The central monomer do-
nates two hydrogen bonds to neighbouring molecules andvescevo hydrogen bonds (dashed

lines).

on the adhesive properties of surfaces and it should, threxebe treated with an explicit water
model that is capable of describing the restructuring ofwtater density at a solute surface. In
the TIP3P explicit water model [35], the water moleculeéated as a rigid monomer, interacting
via a classical potential with a similar form to the one dexa in equation 2.37:
X " 12 i 6# X
v= 4y = 7489,

i<j

> (2.38)

Here, the LJ parameterg are non-zero only for interactions between pairs of watgger
atoms (OW) and thg are atom-centred partial charges as befosg, (= 0:834 = 204w ).
With this water model, | have calculated values of 0.99 g/tonthe equilibrium density, 2.8%&
for the OW-OW nearest-neighbour distance and 3.14 for thaeu of hydrogen bonds formed
per monomer, all in good agreement with previous calculat[85]. The nearest-neighbour shell
surrounding a typical water monomer is shown in Fig. 2.2.

Alternative methods to the explicit water models describbdve treat water as a continu-
ous dielectric medium, thus reducing the number of degréé®edom of the system and the
computational time required. Due to the high electroneggtof the O atom, water molecules
possess an inherent dipole moment. Water molecules ar¢ofreg¢ate so that their dipole mo-
ments oppose an external electric eld, thus reducing thel@ubic interaction between a pair
of solvated, charged particles.LOPoLY accounts for the dielectric effect of water by reducing
the magnitude of the Coulomb sum as follows:

X
_ a9 .
V = T (2.39)

i<j
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The distance-dependent permittivitfr;; ) increases linearly with distance, usually with a con-
stant of proportionality in the range 1-¥0 ! [36]. This method aims to determine the elec-
trostatic contribution to the enthalpy of solvation by m@gucing the dielectric screening effect
of water. However, it fails to take into account the free ggesf formation of cavities around
hydrophobic groups, which is dominated by entropic effeatsvell as solvent viscosity and di-
rectionality of protein-water hydrogen bonds. The draviisanf using this implicit water model
in the study of protein adsorption on material surfaces elldiscussed further in Chapter 6.
More sophisticated methods do exist, such as the Geneatd@isen Approximation, which take
into account the geometry of the molecule embedded in tHeadie medium [37].

It should be noted here that in more recent versions of thedblecular parameter sets [31],
the hydrogen bond potential was removed in favour of adubiih.J interactions. Parameterisa-
tion was then performed on systems in the presence of eixplider molecules, improving the
force eld's ability to predict free energies of solvatiorlowever, the implicit water parameter
set used in this work, in which the Coulomb interaction wakioed by a distance-dependent di-
electric during parameterisation, has been shown to gigesimilar results to the explicit water
parameter set [30].

The Stillinger-Weber Potential

The standard biomolecular force eld as described by equa?.37 may be suitable for mod-
elling the dynamics of covalently bonded molecules in sotytbut it is, in general, unsuitable

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

occur in the melting process. Similarly, LJ interactions able to reproduce properties of bulk
water and lique ed noble gases, but are incapable of dasgritetrahedral bonding in crys-

tals. For these reasons, Stillinger and Weber (SW) devdlapeew potential energy function to
model solid and liquid forms of Si [38]. As in equation 2.3BetSW potential consists of two-

and three-body terms:

Vi = ABry* dlexd (ry  a) Y); (2.40)

Vik = exf (rj @ '+ (ri @) 'J(cosjk  coso)*: (2.41)

A,B, and are variable parameters chosen such that the diamondwstusthe most stable
low-pressure form of Sia is the cut-off length above whicl; andVj, are both zero, with
no discontinuities in their derivativess, helps to maintain the crystal structure by both pe-
nalising deviations of nearest-neighbour bond angles fitoentetrahedral angle, and, at the
same time, preventing encroachment of second nearedtbweics within the cut-off distance
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Using the SW potential, | reproduce the experimental bullatBce parameter (to within 0.%),
as expected.

A Classical Potential for silica

In silica, the majority of the most stable crystalline polyrphs consist of different arrangements
of Si(Oy,)4 tetrahedra. The formation of these insulators is acconeplaoy a charge transfer
from Si to O, resulting in an alternating network of'Siand G species. A classical potential
for silica must therefore, at the very least, contain stegjulsion to account for ionic sizes
and Coulomb interactions between charged ions. A poteditialto Vashishta et al. (VP) [39]
incorporates these two terms, along with a charge-dipaéraction to include the effect of the
polarisability of the larger & ions:

I VA S
Vj = rC—H AL I Jq)exp( ry =b + ﬂ (2.42)
i

ri i
The exponents in the steric repulsignare assigned integer values. The electronic polarisgbilit

i of the relatively small St ion is neglected and that of the? Oion taken from experiment. The
remaining constant§;; , bandq, (= %qSi) are chosen to reproduce the melting temperature
and pressure at the experimental density. The O-Si—O ard-Si-three-body interactions
are of the same form as the SW potential (equation 2.41). déal iISi—O-Si angleg is set
to 141 and the three-body cut-off distaneeis decreased to discourage the growth of edge-
sharing tetrahedra. This classical potential has suadéssfproduced the relative stabilities and
densities of common crystalline silica polymorphs [39]wadl as bulk and surface properties of
the glassy, amorphous state [39, 40]. An analysis of thetstral properties of amorphous silica
will be presented in Chapter 3.

2.2.5 Stress Evaluation

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

as the gradient of the potential energy function (equati@8) can also be used to calcu-
late the macroscopic stress. It is useful to consider the-tiweraged stress tendor i on

a periodically-repeated molecular dynamics simulatidhasea momentum ux, or the momen-
tum crossing a plane of unit area in unit time [22]. The rshagbution to this momentum ux
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is that carried by atoms across the plane and is given byikitregory:

1 X

h kinj = Mrr; (2.43)

i
where , =X,y,zand is the simulation cell volume. The second contribution ie tluinter-
atomic forces acting across the plane and is evaluated @iaitial theorem, which may also be
generalised to periodic systems:

h fori - = f

i<j

r (2.44)

ij Tij -

The sumh KM+ frj gives the time-averaged stress tensor for the simulatitbn ce
In the description of bulk properties, the stress tensoruseful quantity since it is inde-

pendent of the dimensions of the simulation cell — doublimg &rea of one face doubles the

momentum ux across it. However, in the study of surfacess ibnly the surface atoms that

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

g = %ah i (2.45)
wherea is the supercell height perpendicular to the surface [42bwNhe surface stress is
independent od, allowing direct comparison between values calculatedffarént simulations.
The concept of stress will be re-visited during the desiipbf my work on oxidation of an Si
surface in Chapter 3 and in the evaluation of the work of aidindsetween 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 terequation 2.37 is an important
factor in the strength of non-bonded interactions betwegfases and their external environ-
ment. In Section 2.1, the Coulomb interaction was separatedhe nucleus-nucleus repulsion,
the electron-nucleus attraction and the electron-elaatepulsionU[n] which is calculated via
the ground state electron density. In classical molecwaanhics, in the interests of compu-
tational ef ciency, the smoothly varying electronic graustate density and array of nuclear
charges must be replaced by a system of discrete, atonmedgpdrtial charges. The question of
how to perform this transformation is the subject of the entisection.

As discussed in Section 2.1.6, a plane wave basis set hasadsagtages when describing
periodic crystals. However, it is not the natural basis fesaibing local atomic properties and
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it must rst be projected onto a basis set consisting of adimsombination of atomic orbitals
(LCAO), where the chosen electronic orbitals corresponthéovalence shells of the atoms of
interest [43]. A Mulliken population analysis [44] may thbe performed to assign a partial
charge to each atom and to calculate an overlap populatinichweveals the nature and strength
of the bonding. Mulliken analyses have been shown to prowigeod measure of charge transfer
and ionicity in bulk materials, but the absolute magnitudiethe charges obtained are heavily
dependent on the choice of LCAO basis set and carry littlesjalay signi cance [45]. Mulliken
charges are used in this work to calculate relative oxidasiates, rather than to assign atomic
point charges.

An alternative approach to determining atomic charges isttee electrostatic potential of
the classical point charges to an existaiginitio calculated electrostatic potential [46,47]. The
electrostatic potential, calculated outside the VdW radius of the molecule so asdiodte the
effects of both the nuclei and the electronic charge, is algodicator of the effective partial
charges and polarisation within the molecule. For a uniitpescharge at a point;, is de ned
within quantum mechanics as:

QoM X Z, £ ner9 |

; = O d3r0. ,
| , i jrir9

(2.46)

where the notation of Section 2.1 has been followed in laigethe contributions of the nuclei
and electron density. In the same way, we may de ne the dabslectrostatic potential for a
system of partial, atom-centred monopadess:

HCHANBE s _9 (2.47)

; ri 1l

The charges that give the optimum least-squares t toaihénitio electrostatic potential (ESP
charges) are those that minimise the functiop( iQ'V' Cl(op; p;::1))?, subject to the conser-
vation of the total molecular charge. In practice, ESP obsaye calculated for a certain atom
type in a range of small test molecules and generalised woaflormations of that atom type.
The transfer of the charges obtained using this proceduléf#nent environments, such as alter-
native solvent models, should therefore be undertakenacait. This issue is discussed in more
detail in Section 4.3, where a classical non-bonded interapotential between the oxidised Si
surface and water is parameterised using DFT calculations.
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2.3 Summary

In this chapter, | have outlined the two simulation stragegd be used in this thesis. Quantum
mechanics, within the DFT formalism, will be used in the cameld static and dynamical studies
of impurity segregation and stress development duringaiiad of the Si surface. Mulliken
population analyses and surface stress calculations withb main tools to characterise the
resulting surfaces. A classical force eld will then be paeterised from DFT results with
the aim of modelling larger length scales and longer tim&operwhilst capturing the essential
features of theab initio simulations. Finally, classical molecular dynamics stgdof realistic
Si surfaces in the presence of water and proteins will giva aeeper understanding of the
interactions of such devices in a physiological environmen
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Chapter 3
Surface Characterisation

THOROUGH UNDERSTANDING of the behaviour of Si and amorphous silica is of great
A importance in the microelectronics industry, for exampiesilicon-on-insulator device
manufacture, where the insulating thermal oxide of Si asta khigh dielectric substrate for the
semiconductor. The Si surface is passivated under nornmalittons by a thin ( 5 A) native
oxide layer, which determines the response of the devicéstexternal environment. In this
chapter, | analyse the changes in surface chemistry, stessfopment and impurity segregation
during formation of this oxide layer througb initio simulation. The lack of long-range order
in amorphous silica, makes a similar treatment of this sydi@o computationally expensive.
Instead, | generate an amorphous silica surface with thefaildssical 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 microelectromechanictiésys (MEMS) and their external en-
vironment are particularly important when their surfacesia contact with an atmospheric or
physiological milieu (see Chapter 6). These interactitargely of a non-covalent type, directly
involve the natively oxidised Si surface and are thus styodgpendent on the distribution of
charged species within the oxide layer. Such charge distoibs may be affected by P and B
dopants present in the Si bulk, if they tend to segregatetiremxide layer. Experimental and
theoretical investigations [48, 49] have established Ehand B dopants segregate to the bare
Si(100) surface in order to saturate dangling bonds anevesktrain in the Si lattice caused by

29



30 3. SURFACE CHARACTERISATION

size mismatch between the Si and dopant atoms. This condmnait chemical and mechani-
cal effects is expected to have a similar effect on impurtyregation into the thin native oxide
surface layer that spontaneously forms on Si in the presehorygen. However, the detailed
behaviour of such dopants during and after the oxidationgs®remains unclear and is currently
the subject of a number of theoretical and experimentaiesud

To address the issue of P segregation at the Sj/8i€@rface, secondary ion mass spec-
troscopy (SIMS) has been widely used since it is capable @soméng compositions varying
over several orders of magnitude as a function of depth. S#kfferiments reveal a decrease in
the concentration of P dopants of up to @lon removal of the oxide layer, although the lim-
ited resolution of the experiment makes it impossible tedwetne whether these dopants were
present in the oxide layer or at the interface [50]. On theoklland, inductively coupled plasma
mass spectrometry measured jusbdf 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 upthe Si side of the
interface [51]. These results are consistent withinitio simulations of such interfaces [52, 53],
in which itis found that P atoms avoid forming P—O bonds amedstable at threefold-coordinated
defect sites, introduced during the oxidation process.ofstaht concentrations above 0.01 nin
P atom pairs dominate with the interface accommodatingttbesinduced by bond deformation
around the resulting defect.

In contrast to the Si/Si©dielectric interface, there have been relatively few stadif im-
purity segregation at the interface between Si and itsthitrtanative oxide. Such an interface
contains a high concentration of defects (approximatelyndn 2 [52]), in the form of Si dan-
gling bonds. SIMS experiments on a Si(100) native oxide mePcsegregation into the oxide
layer at room temperature, which increases with anneabay [However, these measurements
are taken at very high doping concentration (0.5 Anand possible pile-up at the interface can-
not be observed since the oxide layer is thin compared to Ii\& esolution. Auger electron
spectroscopy data of a similar interface showed no spdicteatorresponding to oxidised P [52].

There has been similar uncertainty among studies addgetsnsegregation behaviour of
B impurities. A theoretical study of the Si/SjOnterface has proposed that B segregates to
threefold-coordinated O vacancies in the oxide layer [5Hjis is in response to experimental
observations, reporting B diffusion through thin oxidedesyduring annealing of doped polysil-
icon [56], and SIMS pro les, revealing a sixfold excess opdat atoms on the oxide side of the
interface compared with the Si side [57]. On the other haeckmt reports suggest that surface
peaks in B doped samples are artefacts of the SIMS analydithampresence of B in the oxide
is not con rmed by other techniques, which are known to beusate at high doping concen-
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tration [58]. An energy- Itered transmission electron mascopy B pro le of a clean Si(100)
surface, doped to a concentration of 50 firshows a peak at a depth of 8J59]. The sample
was shown to have a native oxide depth of approximatelx,Mshich would place the B peak in
the strained Si layer below the interface. This result igpsuted by high-resolution Rutherford
backscattering spectroscopy, which reveals that B is curated beneath the native oxide layer
that is formed after B implantation [60].

In this section, | aim to gain a basic understanding of thendion mechanisms of a native
oxide layer on the Si(100) surface in the presence of P anddBiities by performing combined
static and dynamical rst-principles simulations basedfT. Both the changes in Si coordi-
nation and the evolution of surface stress that occur duhegformation of the native oxide
layer on the bare @( 2)-reconstructed Si(100) surface will be investigated. fideetivity of the
resulting surface towards water adsorption will be intetgd in terms of the charge distribution
and surface stress in the oxide layer. | will then perforraltehergy calculations of dopant sub-
stitution into various sites of bare and natively oxidisedace models. These static calculations
are able to discriminate the thermodynamically stable dbpasitions, but are limited by the
number of con gurations that may be investigated. Themfbcomplement the static approach
by performing a series of rst principles molecular dynam{EPMD) simulations of native ox-
ide growth in the presence of surface dopants. Apart fronthwéce of the initial conditions,
dynamical simulations are unbiased regarding the posshlgion paths, and reveal mechanistic
details, which are otherwise very dif cult to access expentally.

3.1.2 Methods

Total energy calculations are performed within spin-pekd DFT, as implemented in the&TEP
code [9]. The gradient-corrected exchange correlatiotfanal generated by Perdew, Burke
and Ernzerhof [12] is employed, along with ultrasoft psquatentials to represent electron-ion
interactions. Wave functions are expanded in plane wavés aginetic energy cut-off of 400 eV
and a Gaussian smearing function of width 0.01 eV is apptielde electronic occupancies. With
this choice of parameters, energy differences were fourdiwerge to within 0.01 eV per sim-
ulation cell, in selected test cases. The equilibrium bamdyth and cohesive energy of bulk
Si were calculated to be 2.36and 4.55 eV/atom respectively (the corresponding expamiad
values are 2.38 and 4.63 eV/atom [61]).

Molecular dynamical simulations [3] are performed as abovith a decreased plane wave
energy cut-off of 300 eV and a time step of 1.5 fs. Most of tmewdations are performed within
the microcanonical ensemble. Where temperature contstiaia required, a Nosé-Hoover ther-
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mostat with a 15 fs relaxation time is employed. Convergeniteria for determining minimum
energy structures are set16 4 eV/atom for energy changes and 0.2 &\aihd 0.01A for ionic
forces and displacements respectivelynless otherwise stated, atomic charges are computed
via a Mulliken population analysis by projecting the growstdte wave functions onto a basis
consisting of s and p atomic orbitals [45].

Calculations on the Si(100) surface are performed usingiagieally repeate@ 2 surface
slab, sampling the Brillouin zone with twiopoints at(0; 0:25; 0:25) [13]. The surface model
consists of 64 Si atoms arranged in eight layers and seplaiatéhex direction, by a vacuum
layer equivalent to a further eight layers. The surfacegnper atom of such a slab is de ned
as: =(Es Ep)=ns, whereEs is the total ground state energy of the 64-atom surface model
Ey is the energy of a corresponding bulk model without any vatlayer in thex direction, and
Nns 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@idtom with two dangling bonds
and a high charge density between the surface atoms (Fige®)). To stabilise this structure,
the surface atoms relax to form a series of alternating ledottimers with a length &t.35A and
a buckling angle o21 [62], known as a [ 2) reconstruction (Fig. 3.1 (right)). The calculated
surface energy of the reconstructed surface 1sl5 eV/atom [63], consistent with the energy
required to break one bond per atom in bulk BiL& eV/atom). A Mulliken population analysis
reveals that the dimer reconstruction is accompanied bgiatrdoution of charge from the down
dimer atom (+0.14 e) to the up atom (-0.07 8. This charge transfer corresponds to a change
of orbital hybridisation of the down and up dimer atoms frqpt® s’ and | respectively, and
has been shown to in uence the pathway of oxygen chemismormthto the bare surface [64].
The redistribution of electronic charge in the danglingd®due to cleavage of the crystal in
the (100) plane results in the presence of surface stressyRonetry reasons, this is diagonal in
the reference frame with axes paralle) &nd perpendicular?) to the dimer bonds. Following
the discussion in Section 2.2.5, the two surface stress goenis are de ned by the relations:

1 1
gkzéa K; gf_;:éa 23 (3.2)
lIn selected test cases, we have lowered the convergenshdfuien the forces to 0.05 e/ obtaining changes
in energy differences smaller than 0.05 eV. For instaneedifierences in surface energy between a truncated and

p(2 2)-reconstructed Si surface are 1.153 eV/atom and 1.14%@v/for thresholds of 0.2 e and 0.05 eVA,
respectively. Moreover, the energy differences of a B iritpim 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) andp@)-reconstructed (right) Si(100) surface. The sur-
face atoms pair to form dimers, reducing the stress patallite bondsk). The relatively large
bond length between the second and third layers is indecafivesidual tension in this direction.
The stress perpendicula? ) to the dimer bonds originates from the large angle betwbemup
dimer atom and its second layer neighbours. In the third andti layers, atoms lying on A sites
are directly beneath dimer rows, while the B sites are stlibetween the dimer rows and are in

tension.

Ok g & &

bulk-terminated 1.78 0.32 1.46
p2 2) (thiswork) 1.11 0.52 0.59
p2 2)[65] 1.33 0.51 0.82

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

where  and , are the components of the stress tensor in the surface phareeis the height
of the periodically repeated supercell. In all calculasipthe lattice parameter in the surface
plane has been kept xed at the bulk equilibrium value, aredstness component in the direction
perpendicular to the surface was equal to zero.

The calculated) components of the bulk-terminated an@ p@)-reconstructed Si(100) sur-
face are summarised and compared to prevausiitio simulations [65] in Table 3.1. As thor-
oughly discussed in [41], upon truncation of the bulk, theele@lectrons tend to pull the surface
atoms together to form dimers in tRalirection, resulting in high surface stress. This is laygel
reduced by formation of buckled dimers, but a residual tansemains, which is consistent
with longer Si—Si bonds between atoms of the second and dnyets beneath the dimer rows
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(Fig. 3.1). The bond angles at the down atom of each surfanerdare120, 119 and118,
close to ideal shbonding. However, the bond angle between the up dimer atairitariwo
neighbours in the second layer98:5 , considerably larger than trf#0 required for ideal p
bonding. This leads to an increased tensile stress compgnamthe pQ 2)-reconstructed sur-
face with respect to the bulk truncated surface. Becaudeegidsitive stress anisotrogy ¢,
alignment of the dimers in the direction of an externally laggpbcompressive stress is expected
to be energetically favourable. Indeed, experiments sheaivthe populations of domains com-
pressed along the dimer bond increases at the expense ofrdooompressed 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 featifiteg bare surface reconstruction are
linked to redistribution of charge and surface stress, whieill show later to be important fac-
tors in controlling the segregation of impurities. Undermal atmospheric conditions, however,
the Si surface is passivated by a thin oxide layer. In ref], ¥ oxidation of the Si(100) surface
in a dry environment has been investigated by means of FPkfDIations. In good agreement
with medium-energy ion scattering experiments [67], it i@snd that oxygen spontaneously
adsorbs onto the bare surface up to a coverage of 1.5 momsl@yie). At higher coverages,
further oxide growth becomes limited by diffusion of @olecules to the reactive Si/Sinter-
face. The charged Si species found in the nal structureinbthin [64] after adsorption of six
O, molecules ranged from Sito Si** .

It is interesting to follow the development of stress in thetjally oxidised surface at increas-
ing oxygen coverage. | have fully relaxed all the structutetsined after each FPMD simulation
in [64], keeping the lower surface of the slal2p(2)-reconstructed. The surface stress is then
calculated as for the bare surface, except that, upon oeawith oxygen molecules, the symme-
try of the dimer bonds is broken and shear components appélae isurface stress tensor. The
total surface streggmay be de ned as the basis invariant trace of the stresstens@omputed

in a supercell of heighd:
1

1
In order to isolate the development of stress in the oxiderlay the top of our surface slab, the
total surface stress of the botton2p(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 stregqN/m) during growth of an oxide layer on the
p(2 2)-reconstructed Si(100) surface (top view) at increasirggen coverages (ML). O
atoms are shown in red and the model supercell is represbgttte dotted line. Dimer bonds
between rst layer atoms in the bare surface are indicateddbgrisks. Adsorption sites leading
to decrease of stress with respect to the bare surface acatied by arrows (see text).

The evolution of the total surface stress as successjvm@ecules react with the surface
is summarised in Fig. 3.2. The tensile stress initially présn the bare surface reduces after
reaction of the rst molecule. In the nal structure obtathene O atom is adsorbed into a dimer
bond, relieving the tension parallel to the bond directigig (3.2, red arrow). The second O atom
binds between one up dimer atom and the neighbouring dimgr 32, blue arrow), breaking
a bond to the second layer (black arrow) and relaxing thadens the direction perpendicular
to the dimer. Similar events lead to a further stress deerafier adsorption of a second and a
third oxygen molecule. However, at a coverage of 1.25 ML, &bane of alternating Si and O
atoms develops in the surface oxide structure and exteratdlme neighbouring simulation cells
due to the periodic boundary conditions employed. The foionaf this continuous oxide layer,
given the constraints exerted by the underlying crystalbolk, results in a sudden appearance
of a large tensile surface stress.

The stress values obtained in this work are in reasonabéeagnt with the experimentally
measured tensile stress of 0.26 N/m per monolayer of oxy§8h [An absolute comparison
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Figure 3.3: Proposed mechanism for the adsorption of watertbe natively oxidised Si surface
(side view) and the relevance to crack propagation. a) Thestep involves the donation of a
hydrogen bond (broken line) from the water to the surfacethadransfer of electrons to the Si
site (curly arrow). b) The transition state following dis&dion of the water molecule. c) The
dissociative adsorption process has broken the Si—O bawhéd line) as a possible rst stage
towards the propagation of cracks perpendicular to theserf

is dif cult, since in [68] the authors assume a linear radaship between oxygen coverage and
surface stress, which is not observed here. Moreover, thedie boundary conditions which
we apply to a small surface cell may exert a constraint on xteneed network of Si—-O bonds
and result in an overestimation of the calculated stressveder, this is not expected to affect
either the observed stress evolution or the local envirerieimpurity 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 Big.is3 %longer than in the absence
of surface stress, at a coverage of 0.75 ML. The presencesifdesurface stress is expected to
drive dissociative water adsorption on the native oxidetd§9]. The signi cance of this water
adsorption to the propagation of cracks in natively oxidi& is suggested by experimental
observation of enhanced crack growth in silica in the preseasf water [70]. As described in
Fig. 3.3, it is proposed that the rst stages of water adsorptonsist of i) the formation of a
hydrogen bond between a hydrogen atom on the water molendl@ aurface oxygen atom,
and ii) the donation of a water lone pair onto an electroplt8ii surface site. Dissociative water
adsorption then promotes breaking of Si—O bonds in the d=igler, exposes reactive sites and
thus facilitates further oxidation reactions.

In Ref. [69], FPMD simulations predict the adsorption andsdciation of a single water
molecule into the fully oxidised surface under conditiohsither no externally-applied strain or
10%tensile strain. However, under a compressive strain &b;l@o such adsorption is observed.
In light of the reaction scheme described above, | have padd Mulliken analyses of three fully
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Si-1 Si-2 03 04
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 eostifucture at a coverage of
1.5 ML, shown in Fig. 3.2, subjected to isotropic strains. dSirbital occupancies are given
in brackets and charges are multiples of the electronicgehain general, as the tension is in-
creased, the magnitude of the Si—O charge transfer desreasethe Si d orbital occupancies
decrease.

oxidised Si(100) surfaces. The rst was performed on the/fidlaxed, unstrained surface, the
nal two on surfaces strained by 1 isotropically in the y and z directions, one in compression
and the other in tension. Here, the Poisson ratio is negletttat is, the lattice parameter in the
direction perpendicular to the surface has not been adjisteompensate for the stress induced
by straining in the surface plane. In all cases the groune $tas been projected onto a basis
consisting of Si s, p and d orbitals and O s and p atomic ogbital

Table 3.2 summarises the results of the Mulliken populasinalysis. The FPMD simula-
tion of Ref. [69] suggests that the water molecule preféeafintadsorbs onto site Si-1 in the
fully oxidised structure in Fig. 3.2, and so | concentratetlois atom and its neighbours (la-
belled 2-4 in Fig. 3.2). At rst sight, increasing the tensiavould seem to hinder the pathway
for adsorption. The Mulliken analysis indicates that, uniihese conditions, the Si—O charge
separation decreases, thus decreasing the electrostedtian between Si-1 and the lone pairs
of the water molecule and making conditions less favourailstep one of the reaction shown
in Fig. 3.3. However, under tensile strain, the electrorcupancies of the d orbitals on both
Si atoms actually decrease. This decrease in electronigpaocy upon stretching of the Si-O
bonds implies that the most important factor for dissoeetiater adsorption onto the natively
oxidised Si surface is the donation of lone pair electrobts iine partially lled Si d orbitals.

The adsorption of a single water molecule onto the nativel@Xayer in the absence of
externally-applied strain in Ref. [69] was found to expasketHer reactive sites to attack by wa-
ter, and then, oxygen molecules. The oxidised and partwitirated surface structure obtained
in this series of FPMD simulations after the adsorption eeseoxygen and two water molecules
is shown in Fig. 3.4. This forms thab initio reference structure for the classical potential to be
developed in the next chapter. The resulting concentratfohhydroxyl groups on a 1.2 nin
surface is consistent with values ranging between 2.6 éh@u/nn? measured experimentally
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Figure 3.4: Side and top views of the hydroxylated nativelexayer on Si(100). O atoms either
bridge two Si atoms or form part of a terminating hydroxylgpo The oxidation states of the 13
oxidised Si atoms range from*Sto Si** .

on amorphous silica surfaces [71, 72] (see Section 3.2148. 1B oxidised Si atoms in the nal
structure show variable formal valence charges ranging f&" to Si**, in ratios which are
roughly consistent with the available experimental litera [67]. | have performed a Mulliken
population analysis of this structure (projecting the gmbstate wave functions onto a basis
consisting of s and p atomic orbitals) and found that thegdson the Si atoms increase approx-
imately linearly with the number of nearest-neighbour Ovapwhich act as electron acceptors
(Table 3.3).

As discussed earlier in this chapter, surface oxidationdnyaenvironment is accompanied
by the development of tensile surface stress up to 2.9 N/ncaverage of 1.5 ML. Using the
same method, | have calculated the surface stress presém melaxed hydroxylated native
oxide, obtaining a value of 2.5 N/m (after subtracting théaze stress of the bottom hydrogen-
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Species Mulliken Charges Average
Sit 0.62 0.65 0.46 0.47 0.61 0.56
Si?t 1.26 1.28 1.28 1.27
St 1.79 182 1.79 1.80
Sit 2.30 2.34 2.32

Table 3.3: Distribution of Mulliken charges in the refererstructure of an oxidised and hydrated
Si surface obtained in a series of FPMD simulations. Chaageanultiples of the electronic
charge.

terminated surface). This value is slightly lower than floe dry oxidised structure, since the
dissociative adsorption of water on the native oxide hakdnastrained 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 substitutimse to the Si(100) surface, single
neutral P and B impurity atoms were substituted into a 64 diolk supercell. The close match
in atomic radii between P and Si caused a variation in bongtlteaf less than 0.0A and a
negligible decrease in energy on relaxation. Inspectiothefdensity of states (DOS) of the
doped system around the Fermi energy shows the presenceaf ldwels near the conduction
band, as expected (Fig. 3.5 (right)). However, while theesgelectron strongly localises close
to the P atom, a depletion of electron density in the bondaggons is visible from an analysis
of the charge density difference with respect to bulk Si (RBid (left)). Indeed, a Mulliken
population analysis reveals that the P atom actually resesome electronic charge from the
surrounding atoms.

In contrast, B dopants are observed to add electron accgfattes close to the valence band
and accept substantial electronic charge from the neigitp&i atoms, as shown in Fig. 3.6.
B has a much smaller atomic radius than both P and Si, so thentlsfour nearest-neighbours
relax inwards by approximately 0.28 upon structural relaxation. The displacement of the
dopant itself is negligible. Previous theoretical work][@Bo found little movement of the B
atom, while its nearest-neighbours relaxed inward6:BA.
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Figure 3.5: (left) Charge-density difference associatéith the substitution of a Si atom by
a P dopant in bulk Si. Positive isosurfaces, correspondirgxtess electrons on the P site and
neighbouring atoms, are shown in blue. Negative isosusfam@responding to electron depletion
in the bonding regions, are shown in red. (right) Total dgnaf states of the system compared
with bulk Si (dashed line). Donor levels are indicated by enowa. (inset) Mulliken population
analysis after structural relaxation, revealing that Riraxs 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.ftji€harge-density difference with
respect to bulk Si. (right) Total DOS compared with bulk Sagded line). Acceptor levels
are indicated by an arrow. (inset) Mulliken charges (as iplel of the electronic charge) after
structural relaxation.
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Figure 3.7: Relative energy of a single, neutral, substitai P atom (left) and B atom (right)
as a function of depth below the bare Si(100) surface. In teelayer, the energy is dependent
on whether the dopant is substituted into the upper or lovtera$ the buckled dimer. In the
third and fourth layers, the A sites are situated directiydagh the dimer rows and are relatively
compressed while the B sites are situated between the dowmerand are under tensile stress.
The dashed line represents the energy of an impurity in the daep below the Si surface.

Phosphorus in the Bare Surface

Focusing initially on P dopants, we turn now to investiga$ubstitution of impurities close to
the bare Si(100) surface. As in the bulk, P substitutionih&surface layers is not accompanied
by signi cant atomic or charge redistribution. The closetamain atomic radius between Si and
P means that effects due to stress are relatively unimpgoménie the extra electron is mostly
localised on the substitutional site. The energy changssceasted with the presence of a P
dopant in the rst four surface layers with respect to thergperalue upon substitution in the
64-atom bulk cell are shown in Fig. 3.7. As far as the layemnediately below the surface are
concerned, the small energy changes computed reveal naviagdorce for P segregation from
the bulk to subsurface sites. The small differences may pkaged by considering the residual
straininthe p2  2) reconstruction. In particular, the relative energetabdities of sites in the
third and fourth layers appear to be correlated with theayebond length before substitution.
Namely, in both layers the smaller P atom is unstable betweedimer rows in areas of tensile
stress (position B in Fig. 3.1), while the energy is reducé@rvthe impurity is placed beneath
the rows of dimers in an area of compressive stress (po#fion

A signi cant enhancement in stability over the bulk is olpi@dl upon substitution of P for the
upper atom of the surface dimer. Indeed, tRdpnding features of this site mirror the chemi-
cal environment of P in molecules such asz;Rid PC4, in which the bond angles a8 and
100 respectively. The stability of this threefold-coordirgtgte is supported by STM exper-
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Figure 3.8: (left) Mulliken charges (multiples of the electic charge) of selected atoms in the
bare surface. Surface reconstruction is accompanied bargehransfer from the down dimer
atom to the up dimer. (centre) P segregates to the up dingemdiere the bond angles are close
to 90 , and further depletes electrons from the down dimer. (yighsegregates to the second
layer, where the bond angles are close to the ideal vald®of for sp> bonding, and attracts
electrons from all the surrounding surface dimer atoms.

iments where the presence of P-Si dimers has been revesdedisisociation of phosphines
and incorporation of P atoms in the (100) surface at 800 K.[48}. 3.8 (centre) shows the
environment and Mulliken charges around the P atom on thé st@isle substitutional site, after
relaxation. As in the bulk, the population analysis revélads the dopant receives electrons from
its neighbours and, hence, the electron depletion on thediimver 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 thienwim energy con guration
will nd it at, or near, the Si surface. Its small size causdsudd up of stress in the Si lattice,
which is reduced after segregation to surface sites, arglatgron acceptor properties lead to
saturation of surface dangling bonds. The energy of B d@mtribw concentration as a function
of depth below the Si(100) surface is shown in Fig. 3.7. Csimst with the calculations of
Ramamoorthy et al. [49], the minimum energy con guratiomresponds to substitution into the
second surface layer. As shown in Fig. 3.8 (right), this ltssa attraction of electrons onto
the B subsurface atom increasing the positive charge onr@gfnbouring dimers. When the B
atom is in the rst layer the energy is only slightly highen this case, a large structural change
is observed, in which the upper atom in the buckled dimer méseards 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 thabstitutional defects in layers
three and four are already comparable with the bulk valuenAise case of P, the small B atom
is more stable on A sites relative to B sites. Below the sedayel, there is good correlation
between the average bond length before substitution anctldwéve energies of the B impurity
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on that site. However, to explain the relatively low enesgia surface sites, which are actually
in tension, chemical, rather than mechanical, effects rhestonsidered. Namely, the small B
atom favours sphybridisation and, indeed, the trend in energies re ectsektent to which the
atoms around the impurity can relax to this structure. B iststable in the second layer, less
stable in the rst layer, where the bond angles are furthemfthe ideall20, and least stable
close to the bulk where the con guration is constrained tolsmding.

3.1.6 Impurity Segregation in the Oxidised Si(100) Surface

In this section, | report the results of a study into the siighof substitutional impurities at an
oxidised Si(100) surface. The model of a thin native oxigetaon the (100) surface (Fig. 3.2)
contains 1 S, 1 SP*, 6 SP* and 5 Si species. Three of the atoms initially present in the rst
and second surface layers move below the surface and forniH@®nds. The stabilities of
impurities in the oxidised surface were investigated byssitition 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 dopatsdtiveeto bulk substitution, on
the number of O neighbours is shown in Fig. 3.9 (left). Theegahtrend reveals a decrease in
stability as the number of O nearest-neighbours incredsesther words, in the presence of a
native oxide layer, P is expected to segregate prefergniiethe Si side of the Si/SiQinterface.

Substitutions onto & and S¥* sp’ sites are accompanied by very little relaxation. The
surface tensile stress remains high and the dopants arablensOn Si* sites there is a large
spread in energies and this may be explained by analysingutfig@ce relaxation. At the most
stable site, local structural rearrangements of the oxaglerl leave the substituted P atom in a
favourable threefold-coordinated con guration (blackoav in Fig. 3.10 (centre)). Other rear-
rangements of two other Bi sites leave the P atom%ponded but do reduce the tensile stress
in the surface, thus slightly lowering the total energy. Nclslarge-scale rearrangements are
observed when P is placed on Siites, where the stability is found to depend only on strain a
the substitutional site. The most stable site is actualiym@ssed relative to bulk Si, despite the
high tensile stress in the oxide layer.

Despite the range of chemical and physical environmentsepian the oxide layer, none of
the sites discussed above are stable with respect to buskisiion. In contrast, the results show
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Figure 3.9: Relative energy of a single, neutral, substitial P atom (left) and B atom (right) as
a function of number of nearest-neighbour O in the oxiderday®wn in Fig. 3.2. The general
trend reveals a tendency to avoid forming P—O and B-O bondi® spread in energies for a
given number of nearest-neighbours may be explained by ic@ulstrain and bonding effects.
The dashed line represents the energy of an impurity in the deep beneath the surface.

N X

Figure 3.10: (left) 16 substitutional sites in the Si(10@}ive oxide layer. Two St sites are
indicated by black and blue arrows. Oné€ Siite (green arrow) is under compression and is
particularly stable for both P and B dopants. The straine®&&iond (dashed line) means that P
and B are both stable on the site beneath the oxide layeitedidy the red arrow. Both dopants
move further away so that they are threefold-coordinatelleave an under-coordinated Si atom.
(centre) Relaxed structure of the surface with P substitoteto the Si* site. The energy of
substitution is reduced by moving to a threefold-coordidaite. (right) Relaxed structure of the
surface with B substituted onto the most stabf Siite, forming a linear O—B—O chain.
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that segregation to any of the three non-oxidised siteea@it5iQ, interface would be preferred.
In the two most stable con gurations, P replaces one of thre@ns in a very strained Si—Si bond
(for example, red arrow in Fig. 3.10 (left)). SubstitutiohPofurther increases the length of the
already strained bond, leaving the dopant favourably doatdd by three neighbours close to an
under-coordinated Si atom. These results are consistémavgimilar study of the Si(100)/SpO
interface [52], in which it was found that all structures taning P—O bonds were unstable with
respect to the bulk by at least 0.5 eV irf gon gurations or by 0.1 eV for threefold-coordinated
P. In qualitative agreement with our nding, Dabrowski et a@lso report binding energies of
0.2 eV for s sites and of 1.1 eV for under-coordinated Si defect sitesvioéthe interface.

Our results imply that, at low doping concentrations, P #thdne expelled from the native
oxide layer and pile up on the Si side of the interface. Thetstadle sites in our model leave an
under-coordinated Si atom after substitution. It is likidlgit substitution at defect sites consisting
of just one under-coordinated Si atom would be charactéhgea higher binding energy. Also,
at higher doping concentrations, substitution at the reamgiunder-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 nativelexayer is to increase the ten-
sile surface stress by 0.31 N/m, on average, and to deplatgelklensity on nearest-neighbour
atoms. Analysis of Mulliken charges reveals that B subtituincreases the population by an
approximately constant 0.8 electrons relative to Si, peesive of the speci ¢ substitution site.

The trend of calculated energy values as a function of irsinganumbers of O neighbours
is similar to the case of P, as shown in Fig. 3.9 (right). Inegah segregation to the bulk is
preferred to the oxide layer, especially td'Sand S#* sites. Despite the large size mismatch
between B and Si, the large spread in energies of tffe Sies can be explained largely on the
basis of chemical (rather than mechanical) effects. As éncidise of the bare surface, the low
energy sites are those that allow B to form bond angles ctogtetl sp bonding. In the most
stable site, however, the Mulliken charge of B is +1.25 which corresponds to leaving fewer
than two electrons on the B atom. Indeed, the resulting treds a linear O—B—O chain, in
which B is sp hybridised (blue arrow, Fig. 3.10 (right)). TBE sites are mostly very close in
energy, with the exception of the compressed site discusisede. The stability of this site is
enhanced in the case of B since the nal bond lengths are miosiercto the ideal B—Si length
than on any other site.

Given the stability of P at under-coordinated defect siteiseath the native oxide layer, it
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Figure 3.11: Relaxed structure of the native oxide layer ifh0B) 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 sitess miay be due to formation of
a Si dangling bond upon B substitution and breaking of theg IBR-Si bond (dashed line in
Fig. 3.10 (left)). To investigate this issue, | have repthtiee under-coordinated Si atom with
a second B atom (Fig. 3.11). Despite this being an otherwisgable Si site, the energy of

this con guration is 0.3 eV more stable than the bulk, indileg that B segregation to the native
oxide interface may be enhanced by pairing of impurities.

Previous theoretical calculations of B impurities at a defese crystalline Si/Si@inter-
face [55] found a binding energy of 0.5 eV on the Si side of thterface, while substitution
into the oxide was unstable by 2.2 eV. This is in agreemerit thi¢ energy that | computed for
the Sf* site. In the same paper, the authors nd that introducing ara€ancy into the oxide
allows the B atom to relax to an%pon guration, but it is still unstable with respect to thellbu
by approximately 0.5 eV. As the energy can be lowered furtiyeterminating the resulting Si
dangling bond with H, they argue that B may segregate int@¥e layer by substituting onto
sites neighbouring O vacancies. Similarly, | nd here thagjiegation of impurities is partic-
ularly favourable at under-coordinated sites on the Si efde interface, which exist at high
concentration in the native oxide surface, and that thefaxte may be stabilised by pairing
of impurities. Moreover, despite the general trend of av@dorming B—O bonds, | nd that
segregation to locally compressed, partially oxidiseglssihay be possible.

3.1.7 Native Oxide Growth in the Presence of Surface Dopants

In the previous section, | have performed static total eneadculations with geometry optimisa-
tion to address the energetic stability of substitutionah& B impurities in a pre-existing native
oxide layer model obtained from FPMD simulations. To sutiséde the results of the static
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calculations | now perform a series of FPMD simulations dfleXormation on Si(100) surfaces
initially doped with either P or B. For each system, two imfuatoms have been placed in a 64-
atom simulation cell, in the minimum energy con gurationggicted in the existing literature
(Figs. 3.12a and 3.13a). In particular, STM experiment$ [@&al the presence of P-Si dimers
at the bare surface, which | found to be more stable by apprabely 0.1 eV with respect to P—P
dimers. In the case of B, previous theoretical work prediatssegregation of pairs of B dopants
into the second layers, joined by two surface dimers, witligile binding energy compared
with isolated impurities [49].

Initial oxygen chemisorption was investigated by placing 1O, molecules approximately
2.7 A above the surfaces, in the positions marked by asterisksg® 3.12a and 3.13a. In the
case of the P-doped surface, only one of the two moleculesattiaescted towards the surface
and it dissociated after about 440 fs of simulation time adiog to the hot-atom mechanism
observed on bare Si surfaces [64] (Fig. 3.12b). The O atonme weerted between a lower
Si dimer atom and the second layer, breaking a P-Si bond. d@twnd Q molecule had not
adsorbed after 750 fs, when the simulation was stopped. {Sbeption occurred more quickly
on the B-doped surface. After 80 fs, both molecules wereiwi2hA of the surface and later
dissociated spontaneously (Fig. 3.13b).

Fig. 3.12 shows further snapshots from the FPMD simulatfaheoxidation of the P-doped
surface up to the complete adsorption of sixrolecules. Characteristic features of the dynam-
ics may be summarised as follows: At low oxygen coveragemOlecules bind preferentially
to the Si species, while they are repelled from the surfacenwitaced in starting positions im-
mediately above the dopants. P—-O bonds form only occasyomadl are, in part, observed to
break during subsequent oxidation. At intermediate cay@samolecules placed above charged
Si species readily adsorb, but do not necessarily dissoicrahediately (as shown in Fig. 3.12d).
Dissociation may take place later, resulting in the fororatf both bridging Si* species and
Si** species at a coverage close to unity, as observed in [64felmal con guration obtained
(Fig. 3.12f), one P dopant is bound to three Si neighbounssistent with the thermodynami-
cally stable position found in the static total energy clltians. The second P atom, however, is
bound to two O atoms, most probably trapped in a local enerigynmam. Diffusion processes
inaccessible to the time-scale of our simulation may hedpatom escape from the oxygen co-
ordination. However, | cannot exclude the possibility thath metastable structures may persist
during oxidation at low temperature, which would lead to aaBmumber of impurities being
found on the oxide side of the Si/Siinterface.

The development of a thin oxide Im on the B-doped surfacehieven in Fig. 3.13. The
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a) Q=0.00 b) Q=0.25 ¢) Q=0.7¢

d) Q=1.00 e) Q=1.25 f) Q=1.5(

Figure 3.12: Side (parallel to the dimer rows) and top viewshe 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. éyiprate starting positions of O
molecules for the subsequent simulation are indicated teyisks.
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a) Q=0.00 b) Q=0.50 c) Q=0.7

d) Q=1.25 e) Q=1.50 f) Q=15

Figure 3.13: Side (parallel to the dimer rows) and top viedshe evolution of the B-doped
Si(100) surface with increasing oxygen coveragea) Starting con guration, showing pairs of
B atoms (labelled 1 and 2) in the second layer. Approximateisy positions of @ molecules
for the subsequent simulation are indicated by asterisks.
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details of the simulations are generally similar to thosenfbin the case of the bare surface or
the P-doped system described above. Hot-atom dissoctiopis observed to occur rapidly at
low coverages upon binding to Si atoms neighbouring the Bunitips. At increasing coverage,
Si¥* species are observed to form while the B dopants tend to aaopf bonding con gura-
tion and to remain segregated beneath the native oxide 18y bonds are observed to form
temporarily, but never to last for more than a few fs. Afteaal@ing an oxygen coverage of ap-
proximately 1 ML, incoming oxygen molecules are observechtemisorb to the oxide structure
and to remain undissociated for a few ps, after which the ksitimins were stopped. In order to
promote a phonon-mediated dissociation, the system igti@at rate of 1 K per time step up to
a temperature of 700 K. Following this, the thermostat igcvad off and the dynamics contin-
ued microcanonically. Both molecules dissociated withgs2s a consequence of the annealing.
The nal structure obtained after adsorption of six @olecules is shown in Fig. 3.13f.

For both the P-doped and B-doped surfaces the simulatiorespegformed until an oxygen
coverage of 1.5 ML was reached. The nal P-doped native ogatesists of 12 O atoms bonded
to 10 Si atoms, forming 3@ Si**, 10 % Si**, 10 % Si** and 50% Si* species. In the B-
doped structure, 12 O atoms were bonded to 12 Si atoms, fgréfa Si**, 25% Si**, 17 %
Si?* and 50% Si* species. These compositions may be compared with that afaiiee oxide
layer obtained on the bare surface [64] (12 O atoms bound 8i H8oms, forming &6 Si**,

8 % Si**, 46 % Si** and 38% Si*) and with the results of a synchrotron-radiation photoelec
tron spectroscopy study of a cleaned Si(100) surface [@frtximately 1:1 O:Si stoichiometry,
consisting of 10% Si**, 14 % Si**, 25% Si?* and 51% Si*). During the simulations of the
oxidation process, the average displacements of both P atap&8nts perpendicular to the sur-
faces were typically 0.A. The mean O atom depth is identical for the P- and B-dopetéBys
The P atoms lie 0.8 and the B atoms 2.8 below this mean depth. This suggests a mechanism
for oxidation whereby dopant atoms remain at the Si/Sitderface, while a native oxide layer
gradually builds up above them.

3.1.8 Summary

Given the importance that the electrostatic charge digioh of the natively oxidised Si surface
has on the mediation of the interactions of Si-based dewuithstheir external environments, |
have investigated the segregation of P and B impuritiesxduhe oxidation of a Si(100) surface.
| have shown that segregation is controlled by a combinati@memical and mechanical effects.
In the case of the bare surface, these are illustrated by therice of the surface reconstruction
on the stability of P and B substitutional defects. With exggo substitution in the bulk, both
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impurities were found to be more stable by approximately @/6on chemically favourable
surface sites, and to favour sites under local compressithrinvthe subsurface layers. Indeed,
the segregation of dopants to the bare Si surface has beam shdref. [64] to substantially
in uence the surface chemistry. By altering the chargerdiation on surface dimers, the rate
of oxygen adsorption and dissociation may be increasedestbh@rate observed on the undoped
surface.

Within the context of impurity segregation, | have monithtbe changes in chemical and
mechanical environments of the surface during formatioa oétive oxide layer. It was found
that surface tensile stress increased during this proess)ing 2.9 N/m for the surface saturated
at a coverage of 1.5 ML. Following further adsorption of twater molecules and one oxygen
molecule, the surface stress fell to 2.5 N/m. The resultiydybxylated structure contained a
variety of oxidised Si species, whose Mulliken chargesaase approximately linearly with the
number of nearest-neighbour O atoms.

Substitution of Si by P and B impurities in the original natwxide layer revealed that stable
substitutional sites are located immediately below (ferdhse of P) or at (for the case of B) the
Si/SiQy interface. FPMD simulations of oxide growth on doped baf& () surfaces con rm
this general trend. Few P—O and B—O bonds were formed dummgynamics and segregation
to threefold-coordinated sites was observed for both digpdn the nal structures obtained in
the simulation, B is not bound to any oxygen atoms, while tw@mBonds are retained.

It is to be noted that neither a purely static nor a purely dyicaapproach, by itself, is
perfectly suited to simulate the real experimental sitrati On the one hand, the results of
static total energy calculations may not entirely repréegitation processes at low temperature,
where the oxide structures may remain in metastable coatyums. On the other hand, FPMD
simulations are intrinsically limited to local minimumsttures of the potential energy surface.
However, taken together, the agreement between the twoagpes used here is remarkable
given the very limited size of the system studied and the byt time scale accessible to by
the dynamical simulations. The picture emerging from osults is indicative of an oxidation
mechanism whereby the oxide layer grows above those dopdtigdly present on the bare
surface, leaving them trapped at the Si/Si@terface. Dopants are, therefore, not expected
to substantially in uence the electrostatic and VdW intgians between natively oxidised Si
surfaces and an external atmospheric or liquid environnmiénis is precious information for the
construction of the classical force eld that will be usetelain this work to simulate realistic
device surfaces on a larger scale.
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3.2 Silica

3.2.1 Introduction

As a major constituent of the earth's crust, the high presand temperature behaviour of silica is
of great geological interest. The low pressure polymorgisgica are characterised by a network
of Si(O4)1-, tetrahedra, as found in- and -quartz, - and -cristobalite and coesite [74].
At high pressure and room temperaturequartz has been observed to undergo a structural
transition to stishovite, a high density polymorph [75]. this transition, the Si co-ordination
number increases from four to six and there is a correspgridarease in the length of the Si—O
bond. From examination of the effect of the Si—-O bond lengthh@ degree of charge transfer
from Si to O in Table 3.2, we might expect there to be a redadtiche polarity of the bond on
transformation from -quartz to stishovite. This charge redistribution makespeeterisation of
a classical force eld more dif cult and the high pressurarisition is better suited tab initio
modelling where no prior knowledge of the atomic charge®isessary.

The surface of the amorphous form of silica forms a naturbtsate for many microelec-
tronic devices, particularly in silicon-on-insulator kemlogy where Si is bonded to a wafer of
thermally-grown oxide [76,77]. As in-quartz, amorphous silica's short-range structure cosisis
of Si(Oy):-, tetrahedra, but unlike the crystalline polymorphs, theraa long-range order. A
large simulation cell is required to reproduce this apecity] making it unsuitable foab initio
methods. Instead, a number of classical potentials, exerdfly the VP potential described in
Section 2.2.4 have been developed, which aim to reproducetstal properties of bulk amor-
phous silica and its fracture surface. The VP potential iptedan oxygen-terminated surface
containing a number of defects, de ned by dangling oxygemet (O-1) and under-coordinated
Si atoms (Si-3) [40]. Other studies, using alternativerat@on potentials [78—80], detect O-1
and Si-3 defects, as well as strained 3- and 4-membered, ratigsf which are suggested as
possible sites for water adsorption (armembered ring consists of a closed loopotations
bridged by O atoms).

Direct comparison of these theoretical results with experit is dif cult, not only because
of the lack of well-de ned geometric parameters, but alse tluthe high reactivity of the frac-
ture surface to trace water vapour. Electron spin reson@fR) has con rmed the presence of
Si-3 species at the surface [81], but the existence of O-@otefs more dif cult to ascertain. It
has been argued that the absence of any signal due to O-1 mmES8R experiments is due to
rapid surface reconstruction [82], but these results majueeo hydroxylation of the surface by
trace water vapour. Indeed, electron-energy-loss spatipy studies at pressures befbdv’ Pa
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do detect dangling oxygen bonds, which disappear on expdeuwvater vapour [83]. Further
experiments have been performed to investigate the piepat the hydroxylated amorphous
silica surface [71]. Samples were fractured and exposedaterwapour at partial pressures
ranging from10® Pa down tol0 ’ Pa, at room temperature. In each case the hydroxyl group
concentration stabilised at approximately 2.6 Bmindicating a weak dependence on the water
partial pressure. To determine the maximum hydroxyl cayeréhe fracture surface was boiled
in water for three hours, resulting in a stable hydroxyl @ntcation of 4.6 nm?2. This result is
con rmed by an independent experiment, which found a hygrogncentration of 4.6 nn?, in-
dependent of the production method [72]. It is hypothesibat] since the experimental number
of hydroxyl groups (2.6 nn¥) is less than the theoretical number of broken bonds (7.8%hm
the surface must reconstruct prior to water adsorption. edeegr, it must reconstruct to leave
2.6 nm 2 highly reactive sites, such as under-coordinated O-1 ar®leBoms, that adsorb water
even under high vacuum conditions and a total of 4.6 hatsorption sites, which also include
strained 3- and 4-membered rings. The remaining danglingbmust reconstruct to form more
stable, larger rings, as found in the bulk structure.

The amorphous silica models generated in simulations baséde classical potentials de-
scribed above have been used to investigate incorporatibpdsoxyl groups into the surface.
Feuston and Garofalini develop a model to simulate interastbetween all atoms in the silica
surface and in water [78, 84]. Following classical moleculgnamical simulations of the sil-
ica surface in solution, the hydroxyl group concentrati®i3il nm 2 and the surface obtained
is found to contain fewer under-coordinated atoms andretcarings than the dry surface. In
Ref. [80], water chemisorption is simulated by substitgtiwo hydroxyl groups either onto a
pair of under co-ordinated defects or into a strained rifigaiming a maximum hydroxyl group
concentration of 4.5 nnf. Further, by only considering O-1 and Si-3 defects and 2-bered
rings and not higher order strained rings, a concentratich®nm ? is calculated [80], sup-
porting the conclusions of Ref. [71]. Although the agreeteith experiment is good, these
classical simulations are limited in their ability to acataly describe the bond breaking and
formation involved in dissociative water adsorption. Irotab initio simulations, the silica sur-
faces are rst generated classically before being separate representative clusters for reaction
with single water molecules [85, 86]. In these simulationis found that defects must exist as
donor/acceptor pairs in order for chemisorption to occumatTis, the smallest energy barrier to
adsorption occurs for O-1 and Si-3 on a single site, suchtliegtare close enough to simultane-
ously interact with the water molecule. It follows that aggmn of water molecules onto defect
pairs or strained rings are favoured over single defectgwdre unreactive over the time scale
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of these simulations.

In Section 3.2.2ab initio methods are used to model the high pressure transition from
quartz to stishovite, both crystalline polymorphs of siliédn contrast, the aperiodicity of amor-
phous silica means that it must be simulated classicaliggube VP potential. In Section 3.2.3,
| will generate bulk and surface silica structures and camplaem with the existing literature.
The silica surface obtained in these simulations will benteated by hydroxyl groups to produce
a realistic model of a fracture surface in the presence oématpour.

3.2.2 Pressure Effects in Silica

The high pressure transition from the tetrahedrally stmext -quartz to the high density stishovite
has been investigated within DETThe -quartz unit cell is hexagonal (aéle, = =90,

=120) containing three Si@units, and that of stishovite is tetragonal (&6 = = =90)
containing two SiQ units with O atoms arranged in an octahedral con guratiamuad each Si
atom [87]. Geometry optimisations of these structures haen performed to calculate the zero
temperature equilibrium con gurations of each polymorphMulliken analysis (projecting the
ground state wave function onto a basis consisting of s aidmia orbitals) assigns charges of
+2.38 and +2.03 to Si atoms inquartz and stishovite respectively. With reference tddat,
we see that the Si charges irquartz are similar to the values for theé"'Sepecies in the native
oxide layer, as expected, and that charge transfer from@iisosmaller in stishovite, consistent
with the increase in bond length.

To study the transition from -quartz to stishovite, the lattice parameter a of the twg-pol
morphs has been strained incrementally by a maximum of appately 10% and the ionic
positions re-optimised. The lattice parameter ¢ was thgussetl until the output stress tensor
showed the pressure to be isotropic and the electronic grstate energy re-calculated. Fig. 3.14
shows the resulting energy-volume phase diagrams, theédfstructural properties and their
comparisons with experiment and the GGA literature [74, 88je bulk moduli are calculated
by tting to the Murnaghan equation of state [89], which a®®&s a linear relationship between
bulk modulus and applied pressure, while the transitiosgree is found by a common tangents
construction. The results show thatquartz undergoes a phase transition to the tighter packed,
denser polymorph, stishovite, at a pressure of 7.6 GPa,ad ggreement with experiment.

2As before, the GGA generated by Perdew, Burke and Ernzesheféd, along with ultrasoft pseudopotentials
to represent electron-ion interactions. For silical a 4 4 grid of k-points is employed. Wave functions are
expanded in a plane wave basis, with a 600 eV energy cut-offv€gence criteria are set3o 10 ° eV/atom for
energy changes arfid 10 3eV/Aand2 10 # A for ionic forces and displacements respectively.
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Figure 3.14: (above) Energy-volume phase diagrams fguartz and stishovite. Solid lines

are ts of the data (crosses) to the Murnaghan equation ¢f.sta is the zero pressure energy
difference between the two states. The transition pressgieen by the gradient of the common
tangent to the two curves (dashed line). (below) Table coimgahysical properties of-quartz

and stishovite with experiment and previous work [74, 88].
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Figure 3.15: (left) Total radial distribution function irulk amorphous silica. The rst three
peaks correspond to Si—O, O—0O and Si—Si nearest neighbdught) O-Si—O and Si—O-Si
bond angle distributions, which are consistent with experital results.

3.2.3 Generating the Amorphous Silica Structure

Classical simulations were performed using the_BoLy_3 [18] MD package, in which the
VP interaction potential has been implemented. Long-rdrigulomb interactions were treated
using the Ewald sum, with a real space cut-off A8The VdW interaction cut-off length was
set to 10A. Newton's equations of motion were integrated with theoegly Verlet algorithm and
a time step of 1 fs, using the RATTLE algorithm [26] to constihe O—H bond lengths. Where
necessary, temperature control was achieved by velodtateag.

An amorphous silica model was generated according to agiMiD schemes [84], using the
VP potential [39], which has been successfully applied solgiamorphous silica surfaces [40].
Namely, | initially placed 1314 randomly positioned Si anda@ms, in the ratid : 2 in a
periodically repeate®@0 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. Subsety ¢éme system was cooled to
300 K over a period of 360 ps, switching to a constant pressasemble controlled by a Nosé-
Hoover combined thermostat and barostat, with 0.2 ps retaxéimes. Following a further
200 ps annealing at 300 K, the bulk density was 2.37 §fammpared to the experimental value
of 2.20 g/cni [39]). Further analysis, detailed in Fig. 3.15 and Tablg 8e#ealed structural
details that are in good agreement with the literature [39je broad distribution of Si—O-Si
angles is the main difference between amorphous silica @ncrystalline polymorphs. The
distribution of the Si—O—Si angles here is in excellent agrent with that found experimentally,
which ranges from 120to 180 with a maximum at 144[90], and indicates the presence of a
network of corner-sharing Si()-, 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
0-0 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 paatddength or angle and the cor-
responding full width at half maximum (FWHM) of each distrtlon is reported and compared
to ref. [39].

Starting from the bulk amorphous silica structure obtajree®0A vacuum layer was in-
serted in the-direction of the simulation cell, resulting in separateeriodically repeated slabs
of surface area 9.1 nin The resulting surfaces were annealed at 1000 K for 500 mdeddo
300 K over 750 ps and, nally, annealed at 300 K for a furthe® $3, all at constant volume.
These long annealing times were necessary to stabiliseotieentrations of O-1 and Si-3 de-
fects, which converged to values of 1.6 nhand 1.7 nm? respectively. Fig. 3.16, left, reveals
that these defects are located in the rsA%f the surface. No reactive two-membered were ob-
served following cooling to 300 K. These defect concerratimay be compared to Ref. [78],
which uses a Born-Mayer-Huggins pair interaction, a trsed¢&oulomb term and a three-body
potential similar to that used here, obtaining concergretof the two under-coordinated defects
of 0.6 nm 2 and 1.9 nm? and a concentration of 0.1 nrhhighly strained two-membered rings.
In agreement with an existing VP potential simulation of #meorphous silica surface [40], |
found that the surface was terminated by dangling O atomgtatdsurface O-Si—O bond an-
gles were shifted to higher angles, indicating the presehc@der-coordinated Si, as shown in
Fig. 3.16, right.

Following Ref. [80], | terminated the surface O-1 and Si-8dés with —H and —OH groups
respectively. Following relaxation of the entire systehe tesulting hydroxylated amorphous
silica surface was found to have a hydroxyl group surfaceceotmation of 3.3 nm?. This
appears to be a reasonable model for an unannealed fracifiaees which has been shown
to have a hydroxyl group concentration of 2.6 mmindependent of the ambient water partial
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Figure 3.16: (left) Relative densities of fourfold coordied (Si-4) and threefold coordinated
(Si-3) Si atoms and bridging (O-2) and dangling (O-1) O atawth increasing distance from
the centre of the amorphous silica slab. Defects are coratedtin the rst 5A of the surface.
(right) O-Si—O bond angles near the surface (dashed lir®y Sinoadening out to larger angles
than in the bulk (solid line), indicating the presence oBSipecies.

pressure [71]. In order to model the surface that has bedredh@awater to give the maximum
measured hydroxyl group concentration of 4.6 ®rfi71, 72], it would be necessary to further
increase the hydroxyl concentration on the model amorplsdics surface by breaking and
hydroxylating 3- and 4-membered strained rings.

3.3 Summary

In this chapter, | have characterised the natively oxidBieathd amorphous silica surfaces in de-
tail. Usingab initio methods, the stress in the natively oxidised Si surfackviihg dissociative
water adsorption, was found to be tensile and equal to 2.5 N structure obtained contained
a range of Si oxidation states, whose Mulliken charges aswd linearly with the number of O
nearest-neighbours. Combined static and dynamic sinoastf dopant segregation found that
P and B dopants preferentially pile up on the Si side of theveaixide interface. In the case of
the amorphous silica surface, whateinitio modelling would be too computationally expensive,
classical molecular dynamics simulations have been showeproduce experimental structural
analyses. In order to model realistic Si device surfacebBersame way, it will be necessary to
use the information we have gained on the surface structurel@emistry to develop a classical
potential for the oxidised Si surface. This will be the sub@f the next chapter.



Chapter 4

Classical Force Field Development

4.1 Introduction

N THE PREVIOUS CHAPTERI| have demonstrated thab initio methods may be used to build
I an accurate model for a natively oxidised Si surface thaagsdates its essential chemical
and physical surface properties. Starting from the surfaeeiously obtained in FPMD simu-
lations [64, 69], | have measured the tensile surface spessent in the oxide layer and found
that the number of Si oxidation states range frorh 8i Si**. | have also shown that doping Si
with P or B dopants is unlikely to affect its interactionshvétn external environment, which are
determined by the charge distribution in the oxide layends found that both dopants segregate
preferentially to the Si/SiQinterface and may therefore be neglected from a simpli etsi-
cal model of the surface. If such a classical model is to gapiue most important properties
of the Si surface, as the VP potential has been shown to ddnéoarmorphous silica surface in
Section 3.2.3, it must be capable of describing all chenspaties and interactions present in
the Si/SiQ interface system obtained by FPMD. Further, if we are to esnilis model to study
the behaviour of the surface in a wet environment, we musdrpaterisead hocthe relevant
non-bonded interactions. In particular, as the followithgter is concerned with the role of
trapped water during the room temperature stage of hydio@iiwafer bonding, | concentrate
here on the description of the surface-water interactidrge starting points for this study are
the SW and VP potentials [38, 39] that have been discusseddtidd 2.2.4. In this chapter, |
combine these two potentials and extend them to take intmustdhe full range of Si oxidation
states present in the native oxide layer as well as the otiers between the oxide layer and
liquid water.

In Sections 4.2 and 4.3, | will describe the details of theettgyment of the interatomic
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potential for natively oxidised Si and its interactionshwtater. After explaining the technical
details of the MD simulations, | will investigate the strul and energetic properties of the
interfaces of both amorphous silica and natively oxidisedish liquid water (Section 4.4) and
compare them with the results for a simple model of a hydrbgh8i surface (Section 4.5).

4.2 Interatomic Potential for the natively oxidised Si surface

We turn now to the development of a charge-based classitahpal, whose analytic form and
parameters will be constructed so as to reproduce the gteuahd tensile stress of thaé initio
natively oxidised and hydroxylated reference model iHatstd in Fig. 3.4. The starting points
for the construction of this new potential are the well-kmo8W potential [38], which has been
widely used to simulate bulk properties of Si, and the VP po& which was developed to
simulate bulk and surface properties of silica polymor@%40]. Both of these potential energy
functions contain only two- and three-body interactiond amy be expressed in the general
form: X X

V= Vi (rij) + Vi (Fij i Tik Tjk ) ; (4.1)

1 igj 1 i<j<k

where the indiceg j andk run over all atoms in the system andis the vector connecting atom
I with atomj . The aim of this work is to combine the SW and VP potentiaks ansingle form and
extend this form to include the full range of Si oxidationtstapresent in the native oxide layer.
In order to ensure that the potential reduces to the oridorats [38, 39] in the limits of bulk
Si and bulk SiQ, cut-off functions to the two- and three-body interactionk be introduced to
smoothly interpolate between different regimes of the piod These cut-off functions will be
chosen to ensure that the potential energy and the forcémgatticles are continuous functions
of the particles' coordinates. This is essential to accdonpossible breaking and forming of
Si—O bonds in MD simulations of the surface with this interaic potential.

In the VP potential, atomic charges with values of +1.6a@d -0.8 e are assigned to i
and G species, respectively [39]. To maintain the original forfrthee potential in the case
of Si** species, | assign to the oxidised Si atoms and to the O atoargtigad partial charges
according to the following formulae:

X
i =+0:4  f(rnRqy o
xO
= 04 f(rRg o) (4.2)

Si
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Figure 4.1: Examples of the Si-Si two-body interaction fio¥ SSP* species (black, solid line)
and S?* -Si* species (blue line), compared with the original SW intécaxcfor uncharged Si
(black, dashed line). The equilibrium bond lengths are Isimand both potentials tend to the
Coulomb interaction for large separations.

According to the above expressions, in agreement with gredtm computed Mulliken charges
shown in Table 3.3, the charges on the oxidised Si speciesase linearly with the number
of O neighbours up to a value of +1.6 for fully oxidised'Sspecies. The number of atomic
neighbours is de ned by the cut-off functidr, which falls off smoothly and with continuous
derivative over a distance intenval around a cut-off distande:

8
2 1 r<R
fo(rR; )= 1 [Re phlC Ry =] R r<R + (4.3)
0; r R+

As discussed previously, the Si—Si two-body interactidreutd be given by the SW poten-
tial, with the addition of a Coulomb term arising from the pitde presence of charges on the Si
atoms:

OsiOsio |
.

Vsi sio= A(Gsi; Gi)[Br * 1lexp( (r @) Dfc(nRsi; si)+ (4.4)

The Si—Si bond lengths are observed to be approximatelpertent of the Si oxidation state in
theab initio reference structure. Therefore, in an adjustment to thgraii expression [38], the
SW parameteA in equation 4.4 includes a charge dependence, which is ddedmunteract
the Coulomb repulsion between oxidised Si atoms (Fig. 4.1):

A(g; d) = Ao(1+3:2q)f a(AF a(d) : (4.5)
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Si** species, which are found in the tetrahedral form of SiOrm no direct Si—Si bonds and
are instead connected via bridging O atoms. Hence, therfhg{o) is used here to remove the
Si-Si attraction for 3t species, thus recovering the purely repulsive behaviotiebriginal
VP potential:

8
2 10 q 12

fa(@=_ 40 259 12<q< 16 (4.6)
" 00 g 16:

The form of the potential chosen to describe the Si—O twoybateraction is based on
Ref. [39] and, as before, is made up of three terms: a shogerateric repulsion, a charge-
dipole attraction and a Coulomb attraction:

Vo o= so®) D0 e rmpy ry(g)+ B @)
Csio(@ = Co Cuq; (4.8)
259 q 04
f = 4.9
5(3) 1.0 q>04: (49)

In theab initio reference structure, the Si—O bond lengths are observesttease approximately
linearly with increasing oxidation state of Si. By varyirgethard-core repulsion parame@yio
as a function of charge, | aim to reproduce the increase im b@mgth for oxidised Si atoms
other than Si* (Fig. 4.2). The cut-off functiorfz (g) is introduced to reduce the uncharged,
sub-surface Si atoms' interactions with O atoms in the o¥ger in order to recover the pure
SW potential form within the Si bulk.

The O-0O interaction is exactly as in Ref. [39] and contairesgsame contributions as the
Si—O interaction:
Cooo DoooexFX r=b) + GoGoe..

r’ r4 r

Vo 0= (4.10)

The three-body interactions are all of the same SW form, litlt parameters adapted from the
literature [38, 39, 91], and are again smoothed by cut-aficfionsf . in order to recover the
original VP potential:

Vijk = exy 1(rij dy) by o(rik ) l](COSjik cos 0)2
fe(rij;Rsi; si)fc(ric;Rsi;  si): (4.11)
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Figure 4.2: The Si—O two-body interaction. The equilibribond length increases with decreas-
ing Si partial charge.

Finally, the hydroxyl groups that terminate the oxide scefare assigned charges given by:

X
o= 04 f(rRy 4 02 (4.12)
si

oy =+0:2; (4.13)

which is consistent with the charge of approximately -0 §igieed to the O atoms of terminal
silanol groups on the quartz surface in Ref. [92]. The O—Hlength is constrained to be equal
to 0.975A and the Si—O-H interaction takes the above three-body fovith the parameters

chosen to reproduce the variation about the minimum of tleeggnof the Si—-O—H three-body
interaction as given in Ref. [92].

It should be emphasised that the potential form describeglrieeluces exactly to the original
SW and VP potentials for bulk Si and Si@Qnder equilibrium conditions. The cut-off distance
Rsi in equations 4.4 and 4.11 is chosen to ensure that two- aed-tswdy interactions involving
Si are switched on when Si—Si separations are in the regi@rbab 2.8A or below. In bulk Si,
which has equilibrium bond length 2.2 this potential reproduces the SW potential up to bond
lengths of 2.6A, beyond which the attraction reduces smoothly to zerohasva by the black
curves in Fig. 4.1. Similarly, the potential may be appliedsiO, polymorphs (Si—Si nearest
neighbour peak separation of 3Alin amorphous silica, for example), reducing exactly to the
VP potential for Si-Si separations greater than/& @part from an additional Si-Si hard-core
repulsion present in the original VP form, which is negligifor separations aboveA). Below
the Si—Si separation of 28 | introduce repulsive Si—-Si—O and Si—Si—Si three-bodgriactions,
while the Si—Si two-body interaction is removed entirelytbg cut-off functiorf 5 (q).
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ab initio structure Classical structure
Si-O Si-Si 0-Si-O  Si-Si-O  Si-Si-Si Si-O Si-Si  0-Si-O  Si-6i- Si-Si-Si
Si** 1.64 - 109 - - 1.63 - 109 - —
St 1.65 236 109 109 - 1.61 241 119 96 -
Szt 1.67 239 109 108 109 1.62 244 139 101 110
Si* 1.70 2.38 - 108 111 1.65 2.39 - 108 111

Table 4.2: Comparison between structures generateabbgitio and classical energy minimi-
sations of the hydroxylated Si(100) surface. In #ieinitio structure, Si—O bond length&\)
increase with decreasing Si oxidation state, while Si—&ddengths remain approximately con-
stant. In the classical simulation, although some bondtlengnd angles have changed, there is
no restructuring of the surface. Si—-O-H angles ()2fiso agree with DFT values (127

Starting from the original values of the parameters for tapasate SW and VP poten-
tials [38, 39], the values of all the parameters used in thee @and three-body interactions in
the new potential have been carefully adjusted to reproda@ecurately as possible tak ini-
tio reference structure illustrated in Fig. 3.4. The resulflagameters are listed in Table 4.1.
Average bond lengths and angles in the hydroxylated susi@aeture following energy minimi-
sation using this parameter set show reasonable agreentletihh@ab initio minimised structure,
as shown in Table 4.2. The surface stress calculated ussgdtential is 2.0 N/m, in reasonable
agreement with the computedb initio tensile stress of 2.5 N/m. Importantly, no change in the
topology of the SiQ network (that is, no breaking or forming of Si—O bonds) wasesled dur-
ing 50 ps of classical MD simulation at 300 K, during which #temic charges and associated
charge-dependent potential parameters were updatedrgitexe step.

As an additional test of this potential, | have performed aaigical simulation of a Si/Si©
interface composed of a B thick slab of Si and a 1A thick slab of -quartz. At the interface,
the Si(100) surface has been matched with the, Sidface by expanding the-quartz lattice
parameter by 10 % in one direction to form an ideal, defem¢-freterojunction. The system was
subjected to three separate annealing schedules: 100 P8 &t 300 ps at 700 K and 50 ps at
1000 K. In none of these simulations was breaking of exidtimgds or formation of new bonds
observed. Moreover, as a result of annealing, the average I8ind lengths and Si—O-Si angles
at the interface have been found to decrease from their allies by approximately 1 % and
4 % respectively (Fig. 4.3), in agreement with a number o¥ipres investigations [93,94]. This
demonstrates a certain degree of transferability of thismt@l to study Si/SiQ) heterogeneous
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Figure 4.3: Si—O bond lengths (left) and Si—O-Si bond anjight) during annealing of the
Si/SIG, interface system. In both cases, the interface distribatire peaked at lower values
than the corresponding total distributions (solid lines).

systems. As a note of caution, the potential cannot nealysbarexpected to be predictive in
relation to the formation of unknown structures during cleireactions, such as oxidation
processes. However, this may become possible upon augimardéthe potential within hybrid
quantum/classical schemes such as the recently develbpadi‘on the Fly” technique [95].

4.3 Interactions between the Oxidised Si Surface and Water

To study the behaviour of SiOsurfaces in a wet environment, the interactions between the
surface atoms and water molecules are modelled as a sum d¢drtlofcomputed from the
atomic partial charges) and VdW contributions. To maintainsistency with force elds used to
simulate solvated biomolecules in solution (Section 3,2 VdW interactions between water
molecules and the surface hydroxyl groups are describedhpgragen bond fornv; = A:riJ12

B:ri}o, with the A andB parameters taken from standard biomolecular paramete[3#t The
VdW interactions between water molecules and all other atgas are taken to have the LJ

form: " #
12 6

Vi =4y L 1 (4.14)

where, as in equation 2.37, = P Tiand j =2 B+ ).

It should be noted that the values of the partial charges®auface atoms have been chosen
to guarantee stability of the Sihetwork (see previous section). In particular, their valdéfer
from the atomic point charges that best t the electrostatitential in a region outside the VdwW
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Figure 4.4: DFT (dashed lines) and classical (solid liné®)ing energy curves of a single water
molecule above the hydroxylated native oxide surface. thedmulation, the water molecule
is displaced vertically, and the relative total energy @tteld as a function of its separation, d,
from the surface. In the rst con guration (left, black cwes), the water molecule, with a HW
atom pointing downwards is bound to a bridging O atom. In #eoad con guration (right, blue
curves), the water OW atom is pointing downwards towards @&@n and is repelled from the
surface.

radius of the atoms (ESP charges, Section 2.2.6), whichduaeiithe best choice of charges to
simulate the surface hydration properties [31]. For thésom, | have adapted the parameters of
the LJ part of the non-bonded surface-water potential sioties reproduce the binding energy
curves for isolated water molecules on selected surfaes slttained irab initio calculations.
This energy is dominated by electrostatic effects, whiehweell described within standard DFT
techniques.

The total energy of a single water molecule has been caéailaithin DFT (Section 3.1.2) as
a function of its distance from the hydroxylated surfacetfes con gurations, chosen such that
the main interactions present are between one HW atom of wéttean O atom of the surface
and between the OW atom of water with &'Satom of the surface. These con gurations are
illustrated in Fig. 4.4. ldentical total energy calculatsovere performed using the TIP3P water
model [35] and the newly developed force eld for the nativede, for different values of the
LJ parameters of the surface-water interactions. The bediny energy curves obtained are
shown in Fig. 4.4, and the corresponding, optimised set gidtdmeters is reported in Table 4.3.
As will be shown in the following section, with this set of pameters the calculated heat of
immersion of an amorphous silica surface amounts to 166 fwhich compares well with the
experimental value of 158 mJfiymeasured 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) 102 0.66 0.13 1.30 113 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-waterantions. Water OW parameters are
taken from the TIP3P water model. Parameters for water H\Whatare for interactions with

Si and OB only, otherwisg is zero. In the surface, OB refers to bridging O atoms and OH to
hydroxyl O atoms.

4.4 Structure and energetics of the SiQYWater interface

In Section 3.2.3, | have used the VP potential in a classicdeoular dynamics simulation to
generate a model of an amorphous silica slab of surface akea®, with a hydroxyl group con-
centration of 3.3 nn?. To model the hydroxylated native oxide on Si(100) in a samiashion,
theab initio reference structure shown in Fig. 3.4 was repeated pedlthgio the surface plane
to form a3 3 slab of surface area 10.6 AmThe bottom surface was terminated with a copy
of the oxide layer after rotation through 18&nd translation by a bulk Si lattice parameter. The
resulting slab consisted of 792 Si atoms, correspondingeien layers, oxidised and hydroxy-
lated on both sides with a total of 288 O and 72 H atoms. Thiedgttarameter was xed to the
equilibrium value for bulk Si obtained with the SW potent{al44 A), and the vacuum gap in
the direction perpendicular to the surface plane was s #, as in the case of the amorphous
silica slab studied in Section 3.2.3.

| began my investigation of the interactions between wetligeid Si surfaces by studying
the structure of bulk water in contact with both the amorghsilica and the natively oxidised
Si surfaces. Any surface in contact with bulk water will hareeffect on the intrinsic ordering
of water in its proximity. In particular, water moleculeslmnteract strongly with and partly
penetrate into hydrophilic surfaces to form surface-whtgirogen bonds, in competition with
water-water hydrogen bonds in the liquid. This is known &utein a layered structure of water
molecules close to the surface, which can be quanti ed byyaima the surface density pro le
of water molecules in the direction perpendicular to théasar.

To investigate water layering at the two hydroxylated stefa the 5@\ vacuum layers were
lled with water molecules described by the TIP3P potent] at a density of approximately
1 g/cn?. Classical simulations of these systems were performeudyi_PoLy_3 as described
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Figure 4.5: Average density of water molecules perpendictd the hydroxylated amorphous
silica (left) and native oxide (right) surfaces. In both&gsthe main peak is centred on the
surface-water interface, with some water penetratinguhfaces and density oscillations contin-
uing into the water layer. The water density in the centréhefdimulation cells matches that of
bulk water.

in Section 3.2.3. For each of the two hydroxylated surfaitesentire system was equilibrated at
300 K and the height of the supercell adjusted to remove tkessin the direction perpendicular
to the surface. | have calculated the density pro les of watecontact with the two surface
models by computing the average number of water moleculesept in thin, planar slices of
width 0.1A oriented parallel to the surface during a 1 ns simulatiome Tesults are reported in
Fig. 4.5. In each case, | found evident structuring of watty layers of higher and lower density
with respect to bulk water, consistent with previous sirtiates of water on a hydrophilic quartz
surface [92]. For both surfaces, the position of the mairkjpethe density pro le coincides with
the position of the outermost surface hydroxyl group. Thesence of subsidiary peaks closer to
the surface, especially in the case of natively oxidisedsSndicative of water penetration into
the relatively open structure of the hydroxylated surfaessexpected. Beyond the position of
the rst maximum, with a density of 1.05 g/cinthe water density close to the amorphous silica
surface has a minimum at a distance ofA dnd a second maximum at 2A3before reaching the
bulk water density of 0.98 g/ctrat a distance of approximatelyA The main peak in the water
density at the native oxide surface is higher, reaching §/8&7, and the oscillations continue
out to a distance of approximately/from the position of the main peak before reaching the
bulk water density.

The shape of the density pro le obtained in the simulatidova$ us to de ne a monolayer as
the layer of water molecules contained between the surfadéh@ position of the rst minimum
beyond the main density peak. By integration of the densitylgs, it is found that 98 and
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117 water molecules are contained in 1 ML on the amorphoitasiihd the natively oxidised
surfaces, corresponding to surface densities of 10.7 afdwldter molecules/nfnor to surface
areas per water molecule of 9.3 and 82, respectively. These values should be compared with
early assumptions, where an area of 18%thas been assigned to a water molecule adsorbed on
quartz [97]. The difference between these values probatdgsafrom the number of molecules
which are able to penetrate relatively deeply into the sarfaf the oxide structures.

For each surface studied, | have computed the heat of imomergihich is the difference
between the energy of the system in contact with water andrtbryies of the two separate com-
ponents, namely the dry surface model and bulk water. Fdr mamersed system, the energy
has been computed as the average value of the potentialyent@aned in MD simulations at
300 K for 1 ns. Using this approach, | calculated heat of insiogr values of 166 mJ/frand
203 mJ/m for the amorphous silica and native oxide, respectivelye Tht of the two values
may be compared with experimentally measured values of 1Bi#hor 158 mJ/m for surfaces
with estimated densities of terminal —OH groups of 2.3 Arnd 3.4 nm?, respectively [96,98].
The excellent agreement between the experimental and ebectiical values of heat of immer-
sion provides good evidence for the accuracy of the paraagtn of the surface-water potential
described in Section 4.3. | note that the possible deprtéitimaf the surface hydroxyl groups in
the experimental system is not expected to substantiallignte the results obtained. In fact,
in deionised water at pH 7, the surface charge of amorphdioa & expected to be of the order
of -1 Clcn? [99], corresponding to just one deprotonated hydroxyl grpar simulation cell,
which is unlikely to contribute signi cantly to the computéeat of immersion.

A further insight into the details of the surface/water ifdees may be gained by analysing
the average number of surface-water and water-water hgdrognds formed per water molecule
within the rst ML compared with the bulk liquid. Considegna hydrogen bond to be present
between two O atoms when the O—HO angle is greater thatd0 and the O-O separation is
smaller than 3.8\, the calculated average number of hydrogen bonds per mielecbulk water
is 3.13 (approximately equal to the value calculated iniSe@.2.4 for bulk TIP3P water, as
expected). Close to the surface, within the rst ML, the esponding values for the amorphous
silica and the native oxide are 3.30 and 3.27, respectivelgcting the competitive hydrogen
bond formation at the surface. In each case, 0.76 hydrogedsbper molecule are formed
with the surface (Table 4.4). These can be further dividegd/é&en the bonds donated to OB
atoms bridging Si atoms of the surface, the bonds donatedHt@t®ms of terminal hydroxyl
groups, and the bonds received by H atoms of hydroxyl grolips.calculated values presented
in Table 4.4) indicate evident differences between the turfases. Namely, more hydrogen
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Surface OW-HW OwW OW-HW OB OW-HW OH OH-H OW Total surface

a-Sio 2.54 0.14 0.30 0.32 0.76
Native 251 0.24 0.26 0.26 0.76
Bulk water 3.13 - - - -

Table 4.4: Statistics of hydrogen-bonding between the wéases and the rst ML of water
(within the rst peak of the density distribution).

bonds are formed between water and bridging OB atoms in $eafahe native oxide structure,
probably due to the reduced charge on some of the Si atomghasdhe reduced electrostatic
screening, compared with the amorphous silica surfaceceSime charges on the bridging O
atoms are higher than those on the hydroxyl groups, this ne§y to explain the difference

between the computed heat of immersion in the two casesjteddébp 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, | described simulations used toehtbe: layering of water at two sur-
faces with different degrees of hydrophilicity. The obsgion of water penetration into the
two surfaces indicated that both the natively oxidised $i amorphous silica surfaces are hy-
drophilic. By measuring positive heats of immersion, | haee rmed that, in both cases, the
surface in contact with water is energetically stable wébpect to the dry surface models and
bulk water.

As a contrast, | develop here a simple model for the hydrdageminated Si(100) surface,
which is expected to be hydrophobic. Th& p@)-reconstructed bare Si(100) surface discussed
in Section 3.1.3 was periodically repeated in the plane efsilrface to produce& 3 surface
slab of surface area 10.6 Apseparated from its periodic image in thalirection by a 40A
vacuum gap. Following relaxation of the resulting surfaled sising the SW potential and Si
bulk lattice parameter of 5.4A, the buckled dimers were found to atten, forming &2p(1)
surface reconstruction [100]. As in the originalp(2) reconstruction, each surface Si atom
has one dangling bond, which was terminated here by theiaddit H atoms. The Si—H bond
length was constrained to the experimental value of A485] using the RATTLE algorithm,
as discussed in Section 2.2.3.

Since our aim, in this case, is to model a generic hydrophsaibiface rather than any realistic
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surface, careful tting of the long-ranged interaction g@ueters as performed in Section 4.3 for
the native oxide interface with water is unnecessary. TeaH atoms were assigned partial
charges of -0.08 g using the ESP method of Section 2.2.6, tting the chargethéoelectro-
static potential calculated within DFT in aAlthick region outside the VdW radius of the atoms.
To maintain charge neutrality, their neighbouring Si atamese assigned charges of +0.08 e
resulting in considerably less polar bonds than those gbden the hydrophilic surfaces. VdW
interactions took the LJ form, with Si parameters the samthase used for the oxidised Si
surfaces and H parameters taken from the standard bion@atdotce eld for hydrophobic hy-
drocarbon chain H atoms;€0.04 10 2 eV, ;=1.540A) [30]. All Si-Si two-body interactions
were modelled using the new charge-based SW potentialtiequad). The Si—Si—H three-body
term is taken to have the same form as the angular term in thp@#itial (equation 2.41), with
the parameters taken directly from Ref. [101]. Encouralgingo change in surface structure
following H termination and relaxation was observed.

Water layering at the new surface model was investigatedling the 40A vacuum gap with
TIP3P water and using an identical method to the previousosed-ig. 4.6 shows the average
water density in 0.2A planar slices oriented parallel to the surface. As befitre water density
shows alternating regions of high and low water density,cwhieach the bulk water density
at long distances from the surface. However, in this casegemetration of water molecules
into the surface is observed and, in fact, the main peak irddresity is separated from the
surface by 2.8A. To con rm the hydrophobic nature of the model H-termiréht®i surface, its
heat of immersion was calculated using the same method aslus$in the previous section.
The computed value of -22 mJ#ris very close to the heat of immersion of -23 m3/imferred
from contact angle measurements of hydrophobig-@Hminated gold surfaces [102, 103] and
indicates that the surface/water interface is unstablb v@spect to separated dry surface and
bulk water systems.

4.6 Summary

| have developed a force eld which enables the investigatat the classical level, of the in-
teractions between oxidised Si surfaces and a liquid enment. This could be of particular
importance given the increasingly broad elds of applioatof silicon-based microelectrome-
chanical devices put in direct contact with water solutisunch as sensors or actuators used in
a physiological environment [104]. In this potential, theface interacts with the external en-
vironment through non-bonded interactions of the eletatasand VdW type. This makes it
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Figure 4.6: Average density of water molecules perpendictd the H-terminated Si surface.
The main peak is separated from the surface by a gap ohZThe water density in the centre
of the simulation cells matches that of bulk water.

straightforward to combine this potential with standanat& elds used to investigate biological
macromolecules, and it opens the way to large-scale siraokbf biomolecule adsorption on
models for realistic Si surfaces (Chapter 6). Moreover,ftimm of the force eld allows pro-
cesses associated with a rearrangement of the Si—O bondrkeétwbe simulated, which will be
necessary for the application of classical Hamiltonianiyibrid quantum-classical schemes of
the “Learn on the Fly” type [95]. These schemes appear to bhepremising tools for atomistic
simulations of chemo-mechanical effects, such as thoseraeg at a crack tip during a stress-
corrosion process, which require both large system sizdsaaourate quantum description of
limited portions of the simulated systems [105-107].

In this chapter, | have applied the newly developed potetttitne simpler case of water lay-
ering at oxidised Si surfaces, where no breaking or formirgpalent bonds is expected to play
a role. | have shown that my parameterisation of the intenatgotential is able to reproduce
the structural and mechanical properties of the nativelglis&d Si surface obtained in previous
FPMD simulations based on DFT [64, 69]. Moreover, calcaapergetic details of the amor-
phous silica/water interface, such as the surface heatroérsion, were found to agree well with
existing experimental measurements. Compared to the doosysilica surface, the natively ox-
idised Si surface was found to interact more strongly withltguid water, resulting in a higher
heat of immersion (203 mJ/vs. 166 mJ/rf) and a more pronounced structuring of the water
molecules close to the surface in alternating layers otlaagd smaller density with respect to
the bulk liquid. As we shall see in the next chapter, the leygeof water at oxidised surfaces
has a profound effect on their mutual adhesion in simulatiohwafer bonding experiments.
Finally, to provide a contrast with the hydrophilic oxidissurfaces, a model H-terminated Si
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surface has been constructed. The low density of water migleat this surface provides an al-
ternative model with which to study adsorption mechanisfitgamolecules, which may display
regions of either hydrophilic or hydrophobic charactereT$sue of biomolecule adsorption at
such surfaces will be discussed in Chapter 6.



Chapter 5

Wafer Bonding

5.1 Introduction

IRECT WAFER BONDING has emerged as an important technology for silicon-based mi
D croelectronic and micromechanical systems [108, 109]. atigular, the preparation of
silicon-on-insulator devices takes advantage of the gtiemthesion between oxidised and hy-
drated Si surfaces to bond together crystalline wafersowitthe need for adhesives or high pres-
sures [76,77]. The rst step of the bonding process is thearation of hydrophilic Si surfaces,
in which an ultrathin layer of native oxide covers the Si bafid is terminated by chemisorbed
hydroxyl groups and hydrogen-bonded water molecules.iA#iads, the surfaces are putin con-
tact at room temperature by applying a small pressure inaigsx region of the wafers. This
triggers the propagation of a bonding front to the wholeaefarea (see Fig. 1.1) [110], in a
process that is driven by the formation of a hydrogen-bonesedr network trapped between the
Si surfaces [108]. Finally, the bonded system is anneal@ijhttemperature to induce conden-
sation of adjacent silanols on opposite surfaces and @ffiusf trapped water molecules away
from the interface, forming a SiQayer between the Si wafers.

Complete bonding during the room temperature contactieg ist crucial for the formation
of a defect-free bonded interface. To achieve this, thegreghsurfaces need to be suf ciently
at and clean and the non-covalent interactions betweemtkef ciently strong. The experi-
mental evidence points towards a dependence of the int@mattength on the amount of water
physisorbed on the surfaces [111], which is approximatélLlat a relative humidity of about
70 % [97]. Moreover, under similar humidity conditions, tghesion strength depends substan-
tially on the details of the oxide structure covering thdates. The measured work of adhesion
for natively oxidised surfaces with 1-2 ML of adsorbed waseapproximately 100 mJ/fj112].

75
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In the case of thicker oxide layers, obtained after thermalation of the Si surface, lower val-
ues in the range 60-85 m¥rhave been reported [113]. These are consistent with theitgnd
energy associated with the closure of cracks in vitreousasglass [111]. Here the measured
work of adhesion is about 75 mJfor relative humidities above 2@, but is found to rapidly
decrease at lower humidity. Notably, equal adhesion sthargpuld be measured in experiments
of crack opening or closing [111], pointing towards a rell@esadhesion mechanism governed
by hydrogen bonds and ruling out the formation of covalemdsobetween the surfaces at room
temperature. This is supported by a molecular dynamicslation of amorphous silica wafers,
which suggests a water-mediated adhesion mechanism it$sleaee of siloxane bridges across
the bonding interface [114].

In this chapter, | perform classical molecular dynamicsutatons to investigate the crucial
role of trapped water during the room temperature stage dfdphilic Si wafer bonding. In
particular, | aim to investigate bonding between surfaeeminated by a native oxide layer,
whose structure and composition have been previouslyrdated by means of extensive FPMD
simulations based on DFT [64, 69]. For this purpose, in tle¥ipus chapter, | have developed
a classical force eld capable of describing all chemica@ps and interactions present in the
Si/SiQ/water interface system previously obtained by FPMD. Tiseilts of my investigation
into the hydrophilic bonding of pairs of amorphous silicaeva 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 hyairdmpnd formation at the sur-
face/water interface leads to a local restructuring of therdgen bond network between the
molecules. This results in oscillations in the water dgnsihich propagate several Angstroms
into the bulk liquid. The thin layer of water trapped betwemdidised Si wafers in the room
temperature stage of hydrophilic wafer bonding will be sglgd to the same effect, whose rela-
tionship to the attractive force between the wafers willinestigated below.

The starting points for the current simulations are the rfeodewater layering at the amor-
phous silica and natively oxidised surfaces described ati@e4.4. The amorphous silica sur-
face had been generated using the VP potential in Sectiod &2 was subsequently hydroxy-
lated based on previous theoretical and experimentaltsesitie natively oxidised surface struc-
ture had been obtained from a series of FPMD simulationsg@land is described classically
using the newly-developed charge-based potential. Ictierss with water had been parame-
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terised and, in both cases, a series of coordinates obt&im@dclassical molecular dynamics
simulations of the interface between the surface anda&@ter layer. Selected snapshots from
these simulations were used to construct the initial inpes for the simulations of hydrophilic
wafer bonding, keeping in the simulation cells only the watelecules closest to the surfaces up
to distances chosen to give the desired surface water gegr8ased on the integrated density
pro les of the surface/water interfaces in Section 4.4, dHeof adsorbed water was found to
contain 98 and 117 water molecules on the amorphous silidanative oxide surface models,
respectively, which correspond to surface densities of 40d 11.0 molecules/rim

Based on Ref. [114], force-displacement curves were caledlby reducing the height of
the simulation cell perpendicular to the surfaces (and theiseparation between the top surface
and the periodic image of the bottom surface) at a rate oRGtery 11 ps. At each separation,
the system was rst equilibrated to 300 K by velocity resegliover a period of 1 ps. During
the subsequent 10 ps, the particle coordinates were cadlestery 0.2 ps and the average
component of the stress in the simulation cell was calcdlédee Section 2.2.5). In this way,
the net interfacial force could be computed as a functionepfsation and the resulting curve
integrated to obtain the total surface bonding energy.

| have calculated the average net force present betweendwmodmorphous silica surfaces
and two bare native oxide surfaces in the absence of any wadkscules as a function of the
interface separation. Starting from two separated swsfaoe attraction is observed when the
surfaces are moved together (red curves in Fig. 5.1, topenithe surfaces become very close
to each other, steric repulsion occurs between the surtaogsaand the repulsive force increases
rapidly. Zero separation in the curves in Fig. 5.1 was de asthe point of onset of this repulsive
force.

The situation is very different in the presence of water rooles between the surfaces. In
Fig. 5.1, top, | have plotted the force-separation curvésutated at increasing water coverages
(from approximately 0.25 to 2.5 ML per surface), along whik issociated hydrogen bond den-
sity as a function of surface separation (Fig. 5.1, bottofg the surfaces move together, they
experience a net attractive force (negative values in therted plots), which initially increases,
reaches a maximum value and then decreases, becomingiveailsmall separations. Subse-
quent debonding simulations, in which the surfaces werkeguapart at the same rate, revealed
no hysteresis in the force-separation curves.

The overall behaviour of the system may be rationalised bkitay at the number of hy-
drogen bonds formed per molecule between the surfacesin§ténom larger separations, the
hydrogen bond density increases as the surfaces come aster @dnd closer contact. At smaller
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Figure 5.1: (top) Force-separation curves for two hydratgd amorphous silica (left) and native
oxide (right) surfaces. The bare surfaces (red curves) (ppsitive force) at separations below
0 A. Also plotted, from left to right, are curves corresporgiio approximately 0.25, 0.50, 0.75,
1.00, 1.50, 2.00 and 2.50 ML water coverage on each surfdwecirves are translated upwards
so that the force, at large separations, is zero. (bottonmpiidéw of hydrogen bonds per water
molecule as a function of surface separation for the amarplsilica (left) and native oxide
(right) surfaces. Below about 1 ML (dotted lines), the numifehydrogen bonds does not reach
the ideal surface density (upper dashed lines) before tifi@cas repel. The maximum attractive
force between surfaces at higher water coverages (so#g)liis limited by the hydrogen bond
density between the surfaces, which tends to that of bulkem{wer dashed lines).
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separations, if the concentration of water is smaller thaoual ML (dotted lines in Fig. 5.1),
the interaction between the surfaces becomes repulsivebefelre the hydrogen bond density
reaches the equilibrium values of 3.30 or 3.27 at the amarpBdica or native oxide surfaces,
respectively (see Section 4.4). In these cases, the cothpurtee becomes dominated by the
repulsion between the two solid surfaces, and the repufsveof the force-separation curve
tends to that calculated in the absence of trapped waterh®ather hand, for water coverages
greater than approximately 1 ML (solid lines in Fig. 5.1) thnset of repulsion occurs before
the surfaces interact directly. In fact, as is visible in.FdL, the point of zero force between the
surfaces at increasing water coverages tends to the poirtieth the density of hydrogen bonds
reaches 3.13, the equilibrium value in bulk water, which ealsulated in Section 4.4.

These results imply that there is an optimum water conceotréor room temperature hy-
drophilic wafer bonding, low enough that there is a high @mration of energetically favourable
surface-water hydrogen bonds, as observed within the rdsidfthe systems in Section 4.4, but
high enough that the oxide surface repulsion does not ddeirBy integration of the force-
displacement curves, the energy gained during the sintltstteding process, that is the work of
adhesion of the wet surfac€sy, may be computed. This is reported as a function of the water
coverage in Fig. 5.2, indeed showing an optimum water canaton for bonding at approxi-
mately 1 ML for both surface models. At very low coverages, steric repulsion between the
surface dominates, so th@ty rapidly decreases to negligible values. At the other exgeior
high coverages, the values Qf4 are very similar in the two cases and tend to the value of bulk
TIP3P water, calculated by integration of a force-sepanatiurve for a water/water interface,
in the absence of any solid surface. The value obtained, 78ni% indicated with a dashed
line in Fig. 5.2 and may be compared with the experimentdasarenergy of 72 mJ/ffor the
water/air interface at room temperature [115].

For the case of amorphous silica, the variatioQgf with water coverage may be compared
with forces associated with crack closure in vitreous aititass at different relative humidities,
as reported in [111]. In this comparison, | shall take intocamt thaQ,q is half the strain energy
release rate, and that each value of relative humidity iscated with a well-de ned coverage
of adsorbed water [97]. The investigation in [111] showd,thathigh humidity,Qaq is roughly
constant at about 75 mJfmwhich corresponds to the surface energy of bulk water. Ktive
humidities lower than about 2%, which corresponds to a water coverage of approximately
0.5 ML, Q4 starts to decrease and drops to 25 nidtma coverage of approximately 0.25 ML.
This in good agreement with the shape of the amorphous silicae shown in Fig. 5.2, where
the computed work of adhesion is 19 m3/at 0.25 ML coverage, and is comparable with the
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Figure 5.2: Surface energy of two hydroxylated amorphdicagiblack) and native oxide (blue)
surfaces as a function of water coverage. The bonding enéiglyca is approximately constant,
with a small peak at 1 ML, and decreases at low coverages. dtieroxide surfaces are more
strongly bound at low coverages, before tending to theasdiod bulk water surface energies at
high coverages.

surface energy of bulk water at large coverages. In theselaiions,Q,y has a small peak of
90 mJ/nt at approximately 1 ML. Experimental values of the work of asion in direct surface
bonding experiments using silica glasses are lower, ingdhge of 60 to 85 mJ/A{113], which
might be explained by the microroughness present in therempatal wafer samples [116].

As far as the natively oxidised Si surface is concerned etlséaulations indicate a slightly
higher maximum value dD,q than amorphous silica, which may be related to the higherdfea
immersion and to the more pronounced oscillations of theitieolose to the surface, as reported
in Fig. 4.5. In fact, the water density pro les between clgsgpaced native oxide surfaces show
oscillations that match those observed at an isolated BlgbJ.3). At 0.5 ML coverage, the main
peaks from opposite surfaces overlap, producing a singlk ipehe water density at equilibrium
(Fig. 5.3, top right), fully consistent with trapping 1 ML ofater between the two surfaces. In
this case, as shown in Fig. 5.3, top left, the initial forcquieed to separate the surface and
thus break the hydrogen bond network of this ML is high, altfloQ.q is relatively low, due
to the surface-surface repulsion at small separation. @tML coverage, @ is maximum,
reaching 97 mJ/d) in good agreement with experimental values of approxilpdt@0 mJ/n?
for natively oxidised Si wafers covered by 1-2 ML of water 211In this case, the main peaks in
the equilibrium water density at the two surfaces are sépdiay 2.5A (Fig. 5.3, bottom left),
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Figure 5.3: Average water density pro les perpendiculatvio natively oxidised Si wafers at
equilibrium separation, at increasing water coverage.cbinesponding force-separation curves
are numbered (top left). At 0.5 ML coverage (1), a large faosceequired to separate the single
density peak into two. At 1.0 ML (2), the bonding energy is akimmum, because a stable water
network is set up between the two wafers. At 2.5 ML (3), therigicial water density and
associated surface energy is close to that of bulk water.

close to the ideal O—O separation of 28fbr hydrogen-bonded TIP3P water (see Section 2.2.4).
This indicates the existence of an ordered, energeticables, hydrogen-bonded water network,
spanning the two bonded wafers. Finally, at higher covesate density in the central region
between the wafers is constant, roughly at the equilibriensdty of bulk water (Fig. 5.3, bottom
right), consistent with @ being comparable with the surface energy of liquid water.

In an ideal debonding experimen®,q may be thought of as being composed of a large
energy loss (positive values) associated with breakinghéteork of hydrogen bonds between
the wafers and with an energy gain associated with the megeraent of water at the surfaces,
to optimise the number of hydrogen bonds per molecule. Thee stpbuctured the water layer,
the smaller will be the energy gain, due to the reduced céfyabi water to rearrange within the
layer (which is consistent with the measured lower entrdpyaier molecules at low coverages
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on oxidised surfaces [97]). Therefore, the slightly larQgg value than in the case of amorphous
silica may be explained by the more pronounced structuringader between the native oxide
surfaces induced by the stronger surface-water intera{gee Section 4.4).

5.3 Summary

The layering of water at the oxidised surface has a profoufetteon the computed force-
displacement curves in simulated wafer bonding experimandifferent coverages of adsorbed
water. | have predicted that there is an optimum surfacereatgcentration for bonding between
both glassy silica and natively oxidised Si surfaces, forcwhhe maximum work of adhesion
values are 90 mJ/fmand 97 mJ/rf, respectively, occurring at approximately 1 ML coverage
(corresponding to about ®a relative humidity [97]). It must be noted that these valugferr to
perfectly at surfaces, whereas experimentally measuaddes are expected to depend heavily
on the nanoscale surface roughness present in the samps This is especially true in the
case of bonding experiments, where a work of adhesion assa¥® anJ/m has been measured
for two natively oxidised Si surfaces [110]. The relativelgw diffusion of water parallel to the
surface will prevent a perfect wetting of the whole surfaoérh bonding. However, in subse-
quent fracture tests the work of adhesion has been showsedail20 mJ/m possibly due to
rearrangement of the water layer over the length scale afutface roughness [117]. The calcu-
lated force-displacement curves may provide a useful ifgguhacroscopic models where both
the topographic details of the bonded surfaces and thegerdeipendence of the attractive force
on the initial surface separation and wetting can be takemancount. Combining the results
presented here with these macroscopic models, such ashbsie® zone model of Kubair and
Spearing [118], will be the subject of future work [119].



Chapter 6
Surface Adsorption of Biological Molecules

N THIS CHAPTER | use the classical force elds developed in Chapter 4 tegtigate protein
I adsorption on oxidised Si surfaces. In the previous chapteave shown how the surface
chemistry affects the structure of water and, hence, theiahaidhesion at the interface of two
Si wafers. Here, | extend the classical force elds to inéimlomolecules and study their inter-
actions with both the natively oxidised Si surface and theodaed water layer.

6.1 Introduction

With the growing interest in the use of microfabricationteclogies fotin vivodevices, the issue
of cell adhesion to arti cial materials has become increghi important. Examples of present
applications include titanium-based orthopaedic im@amtd biosensors, capable of short-term
sensing of pH, pressure and analyte concentration in bloddissue [104,120]. Future plans for
integration of arti cial materials primarily focus on imghtable Si-based microelectromechan-
ical systems (MEMS) devices. MEMS devices have long beerufaatured in the microelec-
tronics industry foin vitro use, employing well-established techniques for fabnicpiintegrated
circuits. The characteristic size of such devices combmédtheir ability to transduce physical
or chemical stimuli into electrical signals, which would di&cult to achieve in polymeric sys-
tems, makes them ideal candidatesifovivo applications such as in a responsive drug delivery
cycle. The rst stage of such a cycle requires a sensing éeiianeasure analyte concentra-
tions, such as blood glucose levels [121]. In the secondestig drug should be delivered
from a reservoir contained within the device in responseediiosensor measurement. Si-based
drug delivery systems, which consist of an array of resesvanated with gold membranes, have
already been developed [122]. Application of a current eatthe membrane to be ruptured,
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allowing drug release at well-de ned, controllable intelw.

Once MEMS devices have been designed and manufacturedeythe keir successful im-
plantation is their biocompatibility, the ability to perfa with an appropriate host response in
a speci c application. If a device is to maintain a long-tesensing capability, it should guide
cell assembly to promote compatibility with the surrourtdiissue [123, 124]. This selective
cell adsorption helps to anchor the device, discouragespiign of cells that will trigger an im-
mune response and minimises the risk of bacterial contaimman tissues, cells do not adhere
directly to arti cial surfaces, but instead bind via integreceptors in the cellular membrane to
extracellular matrix (ECM) proteins, such as bronectinomilagen. Integrins have been shown
to recognise speci ¢ residue sequences on ECM proteing| @26, once bound, they can acti-
vate intracellular signalling pathways and direct celllffeoation, mobility or apoptosis [126].
Surfaces implanted into tissues should, therefore, begydediwith the aim of adsorbing ECM
proteins in the correct orientation for integrin binding.this way, the biomaterial may promote
cell adhesion in a speci ¢ and controlled manner.

In contrast, implants such as heart valves have inert ssfaghich discourage cell adhe-
sion and decrease the likelihood of an immune response. Ap@sere of Si surfaces to the
bloodstream, for instance in implanted Si-based MEMS a&vior the measurement of blood
pressure, has been shown to result in the immediate adsoqdtplasma proteins, followed by
the integrin-mediated adhesion of cells, known as pladste Fig. 1.1) [2]. High levels of
platelet binding may lead to an unwanted coagulation ca&sead thrombus formation. Hence,
in the production of MEMS devices intended for the bloodsatneplatelet build-up must be dis-
couraged in order to minimise the risk of the formation ofdalcclots within the circulatory
system.

Whether a biomaterial is being designed to control cell agtimefor tissue compatibility or
to minimise platelet interactions in the bloodstream, thdarstanding of the binding modes
of proteins to its surface is of crucial importance. In a nembf experimental and theoretical
investigations, it has been shown that the quantity andigctf adsorbed proteins can be con-
trolled by manipulation of surface properties. Neutronestion studies indicate that solution
pH controls adsorption of lysozyme on silica surfaces bgralg the surface charge [127]. In
a similar fashion, surfaces functionalised with self-agisked monolayers (SAMs) are used in
the experimental investigation of the adsorption of the E@fgtein bronectin, since they al-
low precise control of the surface functional groups [12Z8]1 The extent to which integrins
bind to the adsorbed proteins is dependent on the SAM sutéaoenation and was shown to
decrease in the order OHCOO NH; > CHjs [128]. This behaviour has been explained by
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MD simulations of the binding of a bronectin fragment to nald of the SAM surfaces [130].
In the presence of implicit solvent, minimal interactiome abserved between bronectin and
the OH terminated surface. Thus adsorbed proteins are pettd to undergo signi cant de-
naturation and should readily bind to integrins. On the otfend, integrins bind less well to
bronectin adsorbed on COOand NH; surfaces for different reasons. On COObronectin
adsorbs in an unfavourable orientation, such that the limdanding site points towards the
surface, while on NEl (and to an even greater extent on £§fHbronectin is observed to de-
form, which could render its binding site unrecognisablentegrins. In a further investigation,
MD simulations have been performed of bronectin adsonptom graphite and single-walled
carbon nanotubes [131, 132]. The reduced adsorption cdxdenv the curved nanotube surface
has implications for the use of nanoscale surface topograpd roughness to control protein
adsorption.

However, the most striking surface property in the contfgrotein adsorption is the degree
of hydrophilicity or hydrophobicity of the biomaterial Sace. In Ref. [133], poly(ethylene ox-
ide) (PEO) chains were grafted onto a polymer network fognairsurface whose hydrophilicity
could be increased by increasing the PEO chain length. THacguconcentration of brino-
gen, which is a blood plasma protein responsible for bingia¢elets, was measured using UV
spectrophotometry. It was found that increasing the hylditimity of the surface decreased the
concentration of adsorbed brinogen. Consequently, irs ttese, increasing the surface hy-
drophilicity decreases platelet adsorption and the aatagtirisk of blood clotting. Conversely,
decreased integrin binding has also been observed on sneghahydrophobic surfaces [134].
Untreated polystyrene is hydrophobic, but it may be treatd a tissue culture to increase its
hydrophilicity to a certain extent. Unlike the extremelydngphilic surfaces described above, the
adsorbed concentration of the ECM protein, bronectinjmsikar on the two surfaces. However,
in the same study, it was shown that the binding of certagyginibs to bronectin adsorbed on the
strongly hydrophobic surface was less favoured, thus dsarg the likelihood of cell growth.

Similar protein behaviour is observed for bronectin agstan on methyl silane and hydrox-
ylated silica surfaces, which represent the hydrophobictamrophilic extremes. The numbers
of bronectin molecules adsorbed on the two surface types maasured using ellipsometry at
varying concentrations of the ECM protein [135]. Again, madsorption was observed on the
hydrophobic surface than the hydrophilic surface. The@stpropose an explanation for their
results that is consistent with these observations ofaingrotein adsorption and other studies
of subsequent integrin binding. In their model, proteinding to the hydrophobic surface is
accompanied by attening and deformation of the proteine Binding energy is therefore high,
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but the process is nhon-reversible and leads to decreaseuhdiaf nity to integrins, which usu-
ally bind only to speci ¢, undeformed adsorption sites. bmtrast, the contact area and binding
energy of proteins at hydrophilic surfaces are assumed sniadl. At these surfaces, proteins
readily exchange at high concentrations and the denatuaragite is low. Although adsorbed
proteins on hydrophilic surfaces may still interact stigngith integrins, their concentration
is assumed to be too low to promote signi cant cell adhesidhese conclusions are clearly
supported by another experiment, which measured contiemisaf human endothelial cells on
polymer surfaces that have a range of heats of immersior].[Btdothelial cells bind via in-
tegrin receptors to bronectin. As predicted by the abovedeipoptimum cell adhesion was
observed at intermediate values of the surface wettab@igll adsorption on bronectin on hy-
drophobic surfaces is hindered by deformation of the imtelginding sites. On the other hand,
only small concentrations of bronectin are deposited aorsgly hydrophilic surfaces and the
adsorption is reversible, so that even precoating the ceisfath ECM proteins fails to increase
the adsorbed cell concentration.

We have seen in Chapters 4 and 5 how the the water structureatf&es of varying heats
of immersion is determined by the strength of the surfaceexateraction. Furthermore, | have
shown that the resulting oscillations in the water denditiha surface/water interface may be
used to explain the mutual adhesion in simulations of roanptrature bonding of hydrophilic
wafers. Given the large amount of experimental data thatotstnates the effects of surface
heat of immersion on protein binding modes, it seems likleht the water structure again plays
an important role. Indeed, in one classical MD simulatiothef interactions between lysozyme
and sugar-based hydrophilic SAMs in the presence of expliater, a well-structured water
layer was observed at the SAM surface [137]. Interestiraglsrge repulsive force was observed
between the protein and the water layer at the surface, \tieléorce between the protein and
the SAM itself was negligible. In a separate simulation,gigm of the force between the protein
and the interfacial water has been shown to depend on thetatien of the protein [138]. The
small protein used in this simulation was leucine enkephathich has one hydrophilic and one
hydrophobic side. With the hydrophilic side oriented tosiga hydrophobic surface, the long-
range interaction is repulsive, although there is possbldence of a short-range attraction.
However, it is clear that, with the hydrophobic side oriehtewards the surface, the protein is
attracted towards the surface at all separations. In R88][Ja technique consisting of short
MD runs followed by system relaxation has been used to etipr@tein binding energies on
MgO surfaces. By separating the contributions of the difiéicomponents of the system to the
binding energy, the authors have shown that the most signt mteractions occur between the
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protein and the double layer of water density observed avi® surface.

In all of the classical MD simulations described above, treds between the protein and
the explicit water model seem to be the dominant factor iemeining the adsorption behaviour
of the protein. These forces are, in turn, a result of thectitre imposed on the water by the
chemistry of the underlying surface. The disruption of tregew structure during protein adsorp-
tion will have both an enthalpic and entropic effect on tleefenergy of the system. These two
contributions to the free energy have been explicitly deteed in calculations of free energies
of adsorption of individual protein residues on functiosedl surfaces using quantum chemistry
and data from wetting experiments [140]. Both the enthadpid entropic effects of the residue
interaction with the water structure at the surface/watézrface were shown to have similar
orders of magnitude as the enthalpic contribution fromegamsurface interactions. In order to
account for both enthalpic and entropic changes to the vetitecture during protein binding,
| perform MD simulations at 300 K of protein adsorption onligt&c models of MEMS device
surfaces in the presence of explicit water. In this way, ldhtapgain an understanding of the role
that surface chemistry can play in the regulation of thaahgtages of protein adsorption and,
hence, in the control of the cellular response to MEMS imgalaon. In Section 6.2, | describe
the structures and functions of the example proteins ustusistudy. The general methods used
for the protein adsorption simulations are presented iti@e6.3, including the combination of
biomolecular force elds with the potential developed inaper 4 for the natively oxidised Si
surface. Finally, in Sections 6.4 and 6.5, | present thelteséi dynamical protein adsorption
simulations designed to clarify the role of the surface dsémon 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 hydred/ladtive oxide layer under
physiological conditions. Implantation of Si-based MEM&ites into tissues or into the blood-
stream is accompanied by the immediate adsorption of ECMasnma proteins [2, 141], with
interactions mediated by the surface chemistry of the obagler. Due to their high concentra-
tions in the ECM and bloodstream, respectively, collagethfaimman serum albumin (HSA) are
typically amongst the rst proteins to adsorb onto an impéshsolid surface. These two pro-
teins will be used in this work to study the effects of surfabemistry on the initial stages of
protein adsorption onto both natively oxidised Si and ateohydrophobic surface developed in
Section 4.5.
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~1 nm
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Figure 6.1: Three representations of the NC1 domain of getiaX1V. (top) All backbone and
side chain atoms in the 34 residues that form the proteimfesg. The length is approximately
50 A. (centre) Connections between the backbone atoms remeahalical structure, stabilised
by hydrogen bonds between the coils (red/blue dashed lirjbsjtom) Residues are coloured
according to characteristics of their side chain, which rhayacidic (red), basic (blue), polar

(white) or hydrophobic (green). The bottom and top surfazesdominated by hydrophobic and
basic residues respectively.
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Figure 6.2: (left) The peptide bond. Proteins are compo$seqguences of amino acid residues

(square brackets), whose side chains R take one of twentyatigtoccurring forms. The sec-

ondary structure is speci ed by the dihedral angleand 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 condemsaiti amino acids [142]. There
exist just twenty naturally occurring amino acid residued the sequence in which they are ar-
ranged determines the primary structure of the proteinekample, the primary structure of the
NC1 domain of collagen XIV was determined in Ref. [143] andlisstrated in Fig. 6.1 (top).
As shown in Fig. 6.2 (left), the backbone of the structureoimiposed of a repeating -N—&C—
motif. By following the pattern of the backbone atoms (Fid. @€entre)), we observe an underly-
ing helical structure. This is an example of the secondagctire of a protein, which may also
consist of chains of residues folded back and forth, known-akeets. The secondary structure
may be quanti ed by calculating the backbone dihedral asgléormed 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. Thestdring of the and dihedral
angles around -50-50 is indicative of an -helix secondary structure, which can be clearly
seenin Fig. 6.1 (centre).

The stability of a particular conformation or secondarysture of a protein is largely de-
termined by the weak non-covalent bonds formed betweerefidues themselves and between
the residues and the solvent (usually water). Indeed, Fig(d@ntre) reveals how the-helical
conformation of the collagen fragment is stabilised by logdn bonds formed between adjacent
turns in the helix. In turn, these non-covalent interactiane determined by the nature of the
residue side chains, represented by R in Fig. 6.2 (left)idRes are usually split into one of four
categories determined by the nature of their side chainglica@.g. aspartic acid), basic (e.qg.
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lysine), polar (e.g. serine) or hydrophobic (e.g. leucirié)e three-dimensional arrangement of
these residue types often provides information about thetsire and function of the protein
in its native environment. The nal structure in the lowerfpaf Fig. 6.1 shows the residues
of the NC1 domain of collagen XIV coloured according to tharfoategories described above.
The helix appears to have a predominantly hydrophobic I@sueface, with a number of basic
residues on its top surface. It has been shown experimgtitall this protein fragment is poorly
folded in water, but adopts the-helical structure on adsorption to a hydrophobic surfdde].
The hydrophobic surface used in these experiments seemsrtiz the native environment of
the collagen fragment by binding to its lower, hydrophohidace, shielding it from the more
polar solvent. Furthermore, the NC1 domain is thought to bimding site for heparin, which is
a glycosaminoglycan, or long-chain polysaccharide, rasjde for resisting compressive forces
in the ECM. The basic residues on the top surface of tielical structure of the NC1 domain
have a strong electrostatic attraction to the negativebrged heparin and, therefore, act as the
binding site through which collagen XIV interacts with thest of the ECM [144].

The NC1 domain of collagen XIV will be used in this work to prd® an example of the
effect of material surface chemistry on the mode of proteénding. Its small size (the entire
heparin binding site can be characterised by just 34 res)duakes computations fast and the
clear distinction between its hydrophobic and hydroplslicfaces allows the study of several
distinct types of surface/protein interface.

In contrast to the relatively short computer times requieedtudy details of the small col-
lagen fragment at material interfaces, atomistic modgltihthe adsorption of an entire protein
to the native oxide surface represents a far greater clgalerhe protein chosen here for such a
study is HSA, which is the smallest and most abundant plasotaip in the human circulatory
system. Its heart-shaped structure, which is shown in Fgy(léft), consists of 585 residues and
has been well characterised using X-ray diffraction [149FA is believed to fold into three
domains, carrying charges of -9,e9 e and +3 e, respectively. Each domain consists of ten

-helices, which are again characterised by the clustefitigedackbone dihedral angles around
-50, -50 in the Ramachandran plot in Fig. 6.3 (right). In additionhe tveak intramolecular
bonds observed between coils of the collagen XMelix, HSA is further stabilised by the for-
mation of covalent bonds bridging cystine residues, knowwliaulphide bridges. The strong
relationship between protein structure and function iy esident here. The HSA structure con-
tains a number of sites which allow it to reversibly bind @alnds, such as metal ions and fatty
acids, and deliver them to target organs. Some drug comgdakd 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 theihelical structure. Each of the three sides
are approximately 8@ in length and the average depth is aroundA3(right) Ramachandran
plot showing a high -helix density.

Due to the large number of possible initial orientationg tha HSA protein could adopt on
the model surface, computation of the preferred adsorptiode would be very costly. For-
tunately, motivated by the issue of haemocompatibilityroplanted Si devices, a number of
investigations into HSA orientation on hydrophilic silibave been carried out. Using a tech-
nique known as proteolysis, enzymatic degradation of ggrum albumin (BSA) adsorbed
onto silica particles has been shown to leave behind a higberuration of domain two of the
protein [147]. BSA is structurally very similar to HSA, and this result implies that domain
two of HSA (Fig. 6.3 (left)) adsorbs onto the silica surfac&lain this way, is protected from
enzymatic attack. A further argument, based on the cakdlatacroscopic repulsion between
the sides of the protein and the silica surface, revealdtB4t binds in an end-on con guration
with the point of the V' of domain two pointing towards therface [148]. The small area of at-
tachment of this con guration is consistent with the thesrof protein adsorption on hydrophilic
surfaces presented in Section 6.1 [135] and also with obsens of the ease of BSA diffusion
over glass surfaces [149]. In the following section, | ddscthe methods used to simulate the
initial adsorption stages of HSA in this starting oriergatonto natively oxidised Si.
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6.3 Materials and Computational Procedure

The systems chosen in this work to represent typical adsorptocesses of proteins on material
surfaces, are the NC1 domain of collagen XIV, on both hydiaphatively oxidised Si and on
hydrophobic H-terminated Si, and HSA on natively oxidised Bhe structure of the heparin
binding site, known as the NC1 domain, of collagen X1V was dmaded from the Protein Data
Bank (PDBID: 1b9q) [144]. The two ends of the fragment weretaated with free —NEl and —
COO functional groups. Using the MBER 7 package [32], chloride ions were added in a shell
around collagen XIV to minimise the electrostatic potdngiaergy and neutralise the protein
charge. The resulting structure consisted of 588 prot@matand seven negatively-charged
counter-ions.

The dimerised crystal structure of HSA has been determined-bay diffraction and is
available from the Protein Data Bank (PDBID: 1a06) [145]. wdwer, the technique used to
determine atomic positions was unable to determine thetsiieiof the terminal residues, due to
their high exibility. Therefore, the MBER 7 package was used to terminate the two ends of an
HSA monomer according to its residue sequence, add missaigrils from the X-ray diffraction
structure and neutralise the resulting structure. Fohgwref. [145], disulphide bridges were
speci ed between 17 cystine residue pairs and the sulploum aff the nal cystine residue was
hydrogen-terminated. The nal HSA system consisted of 9g@itein atoms and 15 positively-
charged sodium counter-ions.

For the collagen fragment, the native oxide and hydrophsbitaces were prepared as de-
scribed in Sections 4.4 and 4.5. In order to prevent intemastetween the protein and periodic
images of itself and the surface slab, the dimension of elathvgas doubled in the-direction
and the total height of the simulation cells were set t&A\630 prevent such interactions for the
large HSA molecule, the native oxide surface was repeatadifoes in thex-direction and three
times in they-direction and the height of the simulation cell was incesbfirther to 14@\. The
nal volume of the HSA simulation cell was approximately I80n? and the surface density of
7800 molecules/m? was of the same order of magnitude as the maximum HSA derissgroed
on quartz surfaces (5102 molecules?) [148].

Surface-surface interactions were described by the neanfiats developed in Sections 4.2
and 4.5, while protein-protein interactions were desctibg standard biomolecular force elds
(see equation 2.37) [30]. All that remained, thereforepletlassical simulations of the de-
scribed systems could be performed was to de ne the suagtin interactions. Based on the
analysis in Section 4.3, the surface-protein force eld wazdelled as a sum of Coulomb and
VdW interactions, and hydrogen bond interactions betweindxyl groups of the native oxide
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and acceptor and donor atoms on the protein. The atomi@pahiarges had already been de-
ned for the surface and protein individually. The challengas therefore to choose the VdwW
parameters that reproduce protein binding properties ure@ags solution. In this work, | used
the VdW parameters optimised for the surface-water intemac; and ;, shown in Table 4.3,
and combined them with the biomolecular force eld VdW pagders [30] using the standard
combination ruleg ; = P 77and j =2 ¥ + ;).

Classical MD simulations were performed using PoLY _3 as described in Section 3.2.3.
As illustrated in Fig. 6.1 (bottom), the collagen fragmeashwo distinct possible adsorption
orientations. The rst is with the heparin binding lysinesigues pointing upwards, away from
the surface, and the second is with these residues pointngwlards, towards the surface.
These two orientations will henceforth be referred to asngdown, respectively, and the NC1
domain of collagen XIV simply as collagen, for brevity. Tonepare with the stability of up
and down -helical collagen on the two surfaces, a denatured collagecture was obtained
by performing a 100 ps of anneal at 1000 K. The binding modegpofdown and denatured
collagen were investigated on both the hydrophilic and bgbobic surfaces. The adsorption
of HSA with the point of the V' of its second domain pointingwards the oxide surface has
been discussed in the previous section. The simulations s&rup by placing the protein in
the chosen orientation a few Angstroms above the relevafdcgs Close contact between the
surfaces and the proteins was achieved by performing a 10figg®canonical relaxation in
vacuum during which the temperature never exceeded 120 K.

The starting coordinates for the simulations in explicitevavere taken from the nal con-
gurations of the vacuum relaxations or the unbound pro&inface systems. Unbound protein-
surface systems contain collagen or HSA separated fromuttiece slab by at least 18 and
do not require initial minimisation. The entire simulatioalls were lled with TIP3P water
molecules at a density of approximately 1 gfcnidentical numbers of water molecules were
used in equivalent bound and unbound systems to allow edionlof free energies of adsorp-
tion at constant particle number. Protein-water and watger interactions were described us-
ing the standard force elds explained in Section 2.2.4,levBurface-water interactions were
treated using the method described in Section 4.3. Withtbieim and surface frozen, the water
molecules were subject to a short minimisation to removecsteverlap. Following this min-
imisation, the surface was allowed to move freely, while pinetein atoms were subjected to
harmonic restraints of the form:

V(r)= k(0 ri(t=0)7; 61)
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wherek is the force constant and(t) is the atomic position at time The constraints on the
protein were slowly relaxed by reducing the force constaminf22.0 to 0.43 e\&? over MD
runs of length 80 ps at 10 K. Keeping these weak constraintiseoprotein, the entire system was
heated to 300 K in 50 K steps over a total period of 100 ps. Riomluruns were performed at
300 K with all protein constraints removed and with velocigcaling every 100 fs to maintain
a constant temperature. Simulations lasted up to 2 ns ftagani systems and 1.36 ns for HSA
and particle coordinates were saved every picosecond fitreiuanalysis.

6.4 The NC1 Domain of Collagen XIV

Initial energy minimisation of collagen in the up, down arehdtured conformations on the na-
tively oxidised Si surface in vacuum results in immediateaagtion in all three cases, as shown
in Fig. 6.4 (top). In the up and down orientations, slightatefation of the helix is observed as
the protein maximises its contact area with the surface.ohirast, the initial conformation of
the denatured structure on the surface reveals that theidngerature annealing of the protein
fragment destroys its-helical structure.

The dynamics of the protein fragments on the natively oeidiSi surface in explicit water is,
however, very different to their initial behaviour. Fig5&hows the evolution of the total energy
of the up, down and denatured con gurations, relative toaxerage total energy of thehelix
far from the surface slab, in an unbound con guration. Irstpiot, the energy due to surface-
surface interactions has been subtracted, so as to remespthious effects of small surface
reconstructions. In all three cases, the initial bound gomations are unstable with respect to
collagen in bulk water. Analysis of the protein trajectsrigver the 2 ns MD simulations in
Fig. 6.4 show that the protein fragments desorb and, indixedt, total energies do approach
the unbound energy. In the up con guration, the relativaltenergy falls to zero as the central
backbone moves away from the surface and is replaced by waikscules (Fig. 6.4 (left)).
In this simulation, there seems to be an energy barrier torgagen of the terminal cystine
residue from the surface, which appears in Fig. 6.5 at 0.63Husvever, once this barrier has
been traversed, collagen remains bound to the surface imdwore con guration for the rest
of the simulation, with negligible binding energy with resp to the unbound state. Collagen,
initially bound with its heparin binding sites oriented domards, follows a similar trajectory
(Fig. 6.4 (centre)). In this conformation, it desorbs frdma surface within 0.7 ns, but keeps one
point of contact. The protein is again stable on the surfad@is end-on con guration for the
remainder of the 2 ns simulation. The denatured fragmemtasively high in energy for the rst
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Figure 6.4: Collagen trajectories on the natively oxidiSédurface in explicit water. (top) Initial
energy minimisations in vacuum lead to strong binding inttalée con gurations. (left) In the
up con guration, both ends of the protein remain adsorbeddf65 ns, before one end breaks
away from the surface, leaving the protein adsorbed ena dimet surface. (centre) Collagen in
the down orientation adopts a similar end-on con guratiftera0.7 ns. (right) The denatured
protein shows no helical structure. Water is allowed toudi#f onto the surface after around

1.4 ns, lowering the total energy.
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Figure 6.5: Running averages of the total energy of collagenatively oxidised Si in up, down
and denatured con gurations. Energies are relative to unbaollagen (dashed line).
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Figure 6.6: Dihedral angles of each of the 34 residues ogelt on natively oxidised Si. Spread-
ing of the angles away from their values in an idedielix occurs at early stages of the simulation
for the up and down con gurations. Dihedral angles in theadaered structure show no pattern
and a large amount of spreading over time.
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nanosecond of simulation in explicit water. There is, hosvea large drop in energy between the
two con gurations shown in Fig. 6.4 (right), at 1.1 and 1.4 Rarther analysis of the components
of the total energy reveals that there is a large increadeeisurface-water interaction over this
period. The drop in energy may, therefore, be explained bysion of water into the space
between the surface and protein. The protein-surfacesictien decreases to zero over the 2 ns
simulation as the protein continues to desorb. The nal gnef the desorbed, denatured protein
is higher than that of the unboundhelix 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 dihedrgjlesmm and (see Fig. 6.2)
along the collagen backbone for all three con gurationsalfaggen on the natively oxidised Si
surface. As a general trend, in both the up and down con gumat the two free, exible ends of
the protein show a spreading of their dihedral angles o, tivhile the central residues remain
xed close to their equilibrium -helical values. The small deviations of the central resslu
from their equilibrium dihedral angles seem to be con nedhe early stages of the simulation,
during their desorption from the natively oxidised surfatke structural deformation undergone
by the denatured protein is evident in its Ramachandran plo¢ dihedral angles do not show
any pattern and the lack of stabilising intramolecular loggn bonds allows them a large degree
of exibility throughout the simulation.

In contrast to its behaviour on the natively oxidised Siacef collagen in the up and dena-
tured conformations readily binds to the hydrophobic Hri@ated Si surface. Minimisation in
vacuum led to repulsion between the surface and proteins@atitke initial con gurations shown
in Fig. 6.7, with the proteins close to the surface, were ehdsr the simulations. With the
heparin binding sites pointing upwards and the hydrophstaie of the helix oriented towards
the surface, collagen remains bound to the hydrophobiasaifbr the full 2 ns of the simulation
(Fig. 6.7 (left)). As shown in Fig 6.8, the energy of this cgaration is stable in time and, by
comparison with the average energy of the unbound stategaefrergy of adsorption of -1.6 eV
has been calculated. The helical structure of the protgueas to still be present at the end of
the 2 ns simulation and this is con rmed by the Ramachandtanhip Fig 6.9, which reveals
very little spreading of the central backbone dihedral asgThe particular stability of the heli-
cal structure on the hydrophobic surface is supported byotwer measured binding energy of
denatured collagen on the same hydrophobic surface. Imématured con guration, collagen
does remain bound to the surface throughout the simulationgh the number of binding sites
is lower and the average total energy higher than in the ugooation. These results are con-
sistent with experimental observations [144], in which &sabserved that the helical structure
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Figure 6.7: Collagen trajectories on the hydrophobic Hitaated Si surface. Both the up and
denatured con gurations remain bound to the surface fofuh& ns.

of collagen XIV is stabilised by adsorption onto hydropho$urfaces.

The nature of water is expected to play an important role énatthesive properties of sur-
faces. This was clearly demonstrated in Chapter 5 for thesahaidhesion of two natively oxi-
dised surfaces. Water molecules at the interface act aseztlie by aligning so as to reduce the
Coulombic surface-protein interaction and will also cotepeith the protein residues to form
intermolecular bonds with the surface. To investigate ¢tegtive importance of these two effects,
the explicitly modelled water molecules were replaced byedr distance-dependent dielectric
model ( = r=A) (Section 2.2.4). This model imitates the dielectric prdes of bulk water
but not the water structure speci c to each system. Withaithplicit water model, the binding
energy between surface and protein is given by:

Epou(S-P + Epouls-9 + Epgy(P-P) Eun(s-P + Eynp(s-9 + Eyn(P-p) (6.2)

where s-s, p-p and s-p stand for surface-surface, proteiteip and surface-protein interactions,
respectively. Since the surface-protein interactionbéunbound system are zero by de nition,
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Figure 6.8: Running averages of the total energy of collagehydrophobic Siin up and dena-
tured con gurations. Energies are relative to unboundazh (dashed line).
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Figure 6.9: Dihedral angles of each of the 34 residues o&gelt in the up orientation on hy-
drophobic Si. The central backbone angles are maintairredghout the simulation.
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equation 6.2 can be re-written as:

Epous-P+ Epouls-9 Euynn(s-9 + EpoulP-P  Eynp(P-P) (6.3)

By considering the separate components of the binding gnerg bound surface/protein sys-
tem, we are able to study the role of water as a dielectric e@tintterface. To achieve this,
after each picosecond sets of coordinates were extraciadtfre trajectory of collagen bound
to the hydrophobic surface in the up con guration in exglieater. Then the water molecules
were removed and the separate contributions to the bindiaegg were re-calculated within the
dielectric water model. This procedure was repeated foitrdjectory of collagen in the un-
bound state, far from the hydrophobic surface. By equatiegcbomponents of the total energy
of the bound and unbound states, it was found that the twoo$e&sms in square brackets in
equation 6.3 averaged to zero over the 2 ns simulations. fEeeenergy of adsorption of up
collagen on the hydrophobic surface in the dielectric watedel is, therefore, given simply by
Epou(s-P. which is plotted as the blue curve in Fig. 6.10 and has aregeevalue of -1.1 eV.
As previously plotted in Fig. 6.8, the black line in Fig. 6.48ows the energy evolution of col-
lagen in the up orientation on the hydrophobic surface inxgi@t water solvent. The average
binding free energy of this con guration was found to be -&\6 These results indicate that the
simple dielectric model underestimates the collagen bigpénergy on the hydrophobic surface
by 0.5 eV.Eq(s-p was also monitored during an additional 2 ns MD simulatiotihwdentical
initial conditions, but this time in a dielectric water mdédEig. 6.10, red line). Surprisingly,
the interaction between surface and protein is actuallyged further and the average value of
Epou(s-P is -0.9 eV. This may be explained by observing tEgt, (p-p) decreases substantially
during the simulation, indicating that stabilisation obf#in-protein interactions is favoured over
stabilisation of surface-protein interactions.

The role of water molecules as a dielectric and also the itapoe of their interactions with
the protein may be clari ed by considering the density ofevatnd protein atoms at the surface.
Fig. 6.11 shows the average number of H atoms present inpkanar slices of width 0.A
oriented parallel to the surface during the 2 ns simulatibopcollagen on the hydrophobic
surface. H atoms have been assigned one of three types:, Wwgtkophobic (H bonded to
carbon atoms on the protein) or hydrophilic (H bonded to OfI$ @toms on the protein). As
previously observed in Fig. 4.6, the density of water malesshows oscillations perpendicular
to the surface, with the rst peak separated from the surfgcapproximately 3A, though the
surface water density is reduced due to the presence of tteimr It is now possible to see
how the details of the water layering at the surface affegtehergetics of the surface-protein
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Figure 6.10: Comparison of interactions between collagethé up orientation and the hy-
drophobic surface in explicit and dielectric water mode(slack) Total energy of the MD in
explicit water, relative to the unbound state. (blue) Stefprotein interaction energy calculated
from the same trajectory, using a dielectric water modeld)Surface-protein interaction energy
calculated from a separate MD in a dielectric medium.

interaction. Hydrophobic groups on the collagen molecgledn, solid lines) approach close
to the surface and interact directly with it. The dielecs@reening between surface and protein
is low, due to the low water density at the surface. This maypant for the difference in the
calculated binding energies between the explicit and distewater models. The dielectric
model overestimates the screening between the surfacéaipddtein and the calculated energy
of interaction is reduced accordingly.

Interestingly, the H atoms of the protein also show altengategions of high and low den-
sity. In Fig. 6.11 (left), the dotted and solid lines reprasiie density pro les of the protein H
atoms during MD runs of up collagen on the hydrophobic serfacimplicit and explicit wa-
ter, respectively. Both hydrophilic and hydrophobic H attypes are, on average, closer to the
surface during the explicit water model simulation, whietects the higher surface-protein in-
teraction. However, there is also a structural rearrangewfethe collagen, which seems to be
mediated by the surface water molecules. Compared to thdation in the dielectric medium,
the rst peak in the density of hydrophobic H atoms is highad anoves from 4.0 to 4.2, close
to the rst trough in the water density at 441 The second peak at 94 reduces in height and
is close to the second water trough at approximatety B1 contrast, the hydrophilic protein H
atoms tend to align with areas of high water density. Thestdisidiary peak in the hydrophilic
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Figure 6.11. H atom density pro les (arbitrary units) of kemen adsorption in up (left) and

denatured (right) conformations on the H-terminated hgbobic surface. Black curves corre-
spond to water molecules, green curves to protein hydraplgsbups and blue curves to protein
hydrophilic groups. Protein atoms show structuring pedianar to the surface, which is depen-
dent on the water model used (solid curves denote explicgmvaotted curves denote a dielectric
medium).

atoms increases compared to the dielectric MD run and idddcat 3.6A, close to the rst
water peak at 3.3\. The second peak coincides with the second water peak awvdsaat the
expense of the third hydrophilic peak, which stretches atther from the surface to areas of
higher water density. The same pattern is observed in the edenatured collagen on the
hydrophobic surface in Fig. 6.11 (right), although the h&sgof the collagen peaks close to the
surface are lower since the deformed protein is unable t@gelose as the helical structure.
These favourable interactions between hydrophobic residnd areas of low water density and
between hydrophilic residues and areas of high water densly help to further stabilise the
protein at the surface/water interface.

The same procedure of analysing the interactions of thepratith water may be used to in-
vestigate the observed behaviour of up collagen on theaigtixidised Si surface (Fig. 6.4 (left)).
Calculation of the screened surface-protein interactieitisin the implicit water model using
atomic trajectories from the explicit water simulationealed a strong attraction. The total en-
ergy is initially low and increases during desorption of flietein from the surface, as shown
in Fig. 6.12. The binding energy is approximately -2.5 eVha tatter stages of the simulation
with the protein in the end-on con guration. In fact, in a aegte 2 ns MD simulation in implicit
water, collagen remained strongly bound to the surfacegamuphcon guration, in contrast to the
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Figure 6.12: Comparison of interactions between collagethé up orientation on the natively
oxidised Si surface in explicit and dielectric water modglslack) Total energy of the MD in
explicit water, relative to the unbound state. (blue) Stefprotein 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 kegen adsorption in the up conforma-
tion on the natively oxidised Si surface in the initial (Jedind nal (right) 0.2 ns of the simula-
tion. Black curves correspond to water molecules, greewesuto 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 collagem the the natively oxidised Si
surface. (centre) Average water density inAthin, planar slices oriented parallel to the surface.
The main peak is centred close toA) (top and bottom) Time evolution of hydrophilic and
hydrophobic relative H atom densities. H atoms were couated 0.2 ns periods and separated
into 0.2A planar slices. Bright areas denote high H atom concentratiSee text for explanation
of arrows.
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behaviour observed in Fig. 6.4 (left). To explain the degsormpof collagen in the presence of
explicit water, it is useful to plot the initial and nal H ato density pro les, which are shown in
Fig. 6.13, as well as the evolution of the H atom structurenret which is shown in Fig. 6.14.
The water structure at the surface in this system does nogehappreciably over the 2 ns sim-
ulation, and so the average density in layers perpenditaldre native oxide is shown in the
central plot in Fig. 6.14. The oscillations resemble theawatructure at the natively oxidised
Si surface observed in Fig. 4.5, with a small subsidiary peadetrating the surface and a large
peak at OA, coincident with the surface hydroxyl groups. The uppeat ghows the evolution
of the density pro le of the hydrophilic H atoms as a functiohtime and distance from the
surface. Fig. 6.13 (left) and the arrows labelled A and B o Bi14 reveal that these hydrophilic
H atoms are initially located in areas of relatively low watensity. Similarly, the hydrophobic
H atoms show a single peak in an area of high water densitgwa@, lower plot). The initial
con guration of the protein is, therefore, not stabilisedfavourable protein-water interactions
and, furthermore, is screened from the surface by a highitgewater peak. The particular
stability of this con guration in the dielectric MD simuli@in may be explained by the protein
being able to approach closer to the surface, unhinderedabgrwnolecules, which compete to
form hydrogen bonds with the native oxide. The dielectridiam might also underestimate the
Coulombic screening provided by the adsorbed water moealay

The positive binding energy of collagen at the native oxidexplicit water means that it is
energetically favourable for collagen to desorb from thdage. This desorption is re ected in
the movement of both hydrophilic and hydrophobic groupsyafmam the surface in Fig. 6.13
(right). The residual binding of collagen on the hydropghdurface at a single point of contact
is illustrated by the nal positions of some of the proteiom@is inside the rst peak in the water
density pro le, in the region below @ in Fig. 6.13 (right). Arrow D in Fig. 6.14 reveals that
the protein penetrated the rst adsorbed water monolayter @fround 0.6 ns, bound directly
to the surface and remained there for the rest of the sinonlatl his indicates that the end-on
con guration of collagen on the natively oxidised Si sudds stable.

6.5 Human Serum Albumin

In the initial microcanonical adsorption stage of the siatiogin of HSA on natively oxidised Si

in vacuum, the protein is immediately attracted towardssiiméace (Fig. 6.15). HSA maintains
its end-on con guration, with domain two pointing downwar@nd forms a number of binding
sites with the surface. The resulting bound system was twavand heated to 300 K, using
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Figure 6.15: Relaxation of HSA on the natively oxidised Sface in vacuum.
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the method described in Section 6.3. The total energy wésafed over a 1.36 ns production
run and compared with the unbound system in which the sugaatein separation was greater
than 10A throughout the simulation. As shown in Fig. 6.16, the egarthis unbound system
appears to converge after around 0.6 ns, while the energyeabdund HSA continues to fall
throughout the simulation. Analysis of the trajectoriegesds that HSA remains bound to the
surface with very little deformation. Further computatisrrequired to determine whether the
converged total energy relative to that of the unbound st¢gtesitive, in which case the protein
should eventually desorb into solution, or negative, whickuld allow the calculation of the
free energy of adsorptioh.One factor that does indicate that HSA will remain bound ® th
hydrophilic surface is its surface density pro le (Fig. )1 As in the case of collagen on the
native oxide, there is evident penetration of protein atomsthe rst monolayer of adsorbed
water. The direct interactions which can therefore occuween the surface and protein are
likely to stabilise HSA at the interface.

Fluorimetry measurements of HSA in solution in the presexfapuartz particles are able to
determine the initial rates of adsorption of the proteinoatfite mineral surface [150]. By ex-
trapolation to zero time, the desorption rate and the a&f eibnstanK 4 , which is the ratio of
the rates of adsorption to desorption, may also be detedniih@vas found that the desorption
rate decreased by a factor of arout@ over a 24 hour time period, indicating a degree of hys-
teresis of the solvated surface/protein system. The freeggrof adsorption, at a temperature
T of 300 K, was given by kg T In(K 5 ) 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 tecelate the conformation of
the surface/water/protein interface both at early timasalsao following hysteresis, Ref. [148]
calculates free energies of adsorption from measuredcaupi@perties of the three components.
Excellent agreement with the experimentally determinetiinfree energy of adsorption was
obtained by assuming a contact area of 0.7 between the surface and HSA and the presence
of interstitial water molecules between them. Furthermtne correct hysteretic decrease in
energy was obtained by keeping the contact surface areag ledassuming that the surface
and protein interact directly. This indicates that theyearicroscopic interactions between HSA
and hydrophilic surfaces are via the small surface areaeapdint of domain two of the pro-
tein. Diffusion of water molecules away from the bindingesitccurs over longer time scales
and increases the binding energy. This may be compared vgitmigar analysis of HSA on a
hydrophobic surface [148]. Here, it was found that the esthges of adsorption were similar

LIt should be noted that the adsorption of an entire protearaslistic surface concentration in the presence of
explicit solvent represents a relatively large computal@ffort. 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 enniditively oxidised Si surface
in bound and unbound con gurations. Contributions due tfeme-surface interactions are sub-
tracted. Energies are relative to the average convergadyeotthe unbound state.

to adsorption on the hydrophilic surface, but that, at latees, the large increase in the magni-
tude of the adsorption free energy could only be explaineddnaturation and the consequent
increase in contact surface area of HSA at the surface, widhiactions still mediated by the
interstitial water.

The observations made in this work do seem to support theriexpetal and theoretical
deductions made in Ref. [148]. Although it is too early to sig@ the free energy of adsorption
of HSA on the natively oxidised Si surface, the initial comf@tion is stable, at least for short
time scales. As shown in Fig. 6.17, there is some penetrafigmotein residues into the rst
monolayer of water, which allows direct interactions besawéhe surface and HSA. The initial
minimisation that | have performed in vacuum has undoultspéd up this adsorption process,
which is more likely to occur over much longer time scalesatdhmeasured the surface-protein
contact surface area every picosecond by counting the nuofildeA 1 A squares occupied
by protein atoms in the rst water monolayer (up to the rsbuigh after the main peak in the
water density in Fig. 6.17). The calculated surface areasapproximately constant over the
entire simulation and the average value of 0.5% is1in reasonable agreement with the value of
0.7 nnt used in Ref. [148].
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Figure 6.17: H atom density pro les (arbitrary units) of Haésorption on the natively oxidised
Sisurface. The black curve corresponds to water molecgitesn to protein hydrophobic groups
and blue to protein hydrophilic groups. Protein atoms patethe rst main peak of the water
density, which is centred close to?0and interact directly with the surface.

6.6 Summary

A number of classical MD simulations have been performedudysprotein interactions with
both hydrophilic and hydrophobic surfaces in the preserioexplicit water molecules. The
limited number of cases investigated here all seem to stpiperndings of, amongst others,
Refs. [135] and [136]. In these works, low levels of intedyinding to hydrophilic surfaces was
attributed to the low concentration of ECM proteins thatatvke to bind to these surfaces. Those
proteins that do bind are characterised by small bindinggee® and contact surface areas, but
are not signi cantly denatured at the surface. In this stumjlagen fragments in a range of
initial conformations on the hydrophilic natively oxid$&i surface have been shown to mostly
desorb. However, the nal structures all retain a small echiarea between the surface and
protein, which is characterised by penetration of the pmoteo the rst peak in the water density
pro le. The same conclusions appear to be true for HSA on thté/ely oxidised Si surface.
The prediction that HSA binds in the end-on con guration upgorted by the stability of this
con guration throughout 1.36 ns of MD simulation, thoughther computation is required to
con rm this.
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In contrast, collagen has been shown to adsorb stronglytbetbydrophobic surface, both
with the hydrophobic side of the collagen pointing towailts $urface and also in its denatured
state. In both cases, it seems likely that the protein isilstat) at the surfaces by favourable
interactions with interfacial water molecules. Hydrophdroups are attracted to areas of high
water density and hydrophobic groups to areas of low watesitie These results are in good
agreement with experimental observations of high bindimgyrgies and contact surface areas of
proteins at hydrophobic surfaces. In these cases, bindiagyies are thought to be increased by
denaturation of the adsorbed protein over time. This dedtion is likely to occur on longer time
scales than may be accessed using atomistic calculatitimsygh the stability of the denatured
form of collagen is encouraging. It would be interestingrteeistigate the behaviour of collagen
with its hydrophilic surface oriented towards the hydropicsurface to see if adsorption and the
early stages of denaturation can be observed.

The behaviour of collagen and HSA at the native oxide andrhhiteated surfaces, as well as
the observations that a simple dielectric water model westgnates the binding energy of col-
lagen on the hydrophobic surface and overestimates binditige hydrophilic surface, indicates
that the density pro le of water at the interface plays a @lwle in the protein dynamics. The
in uence of the surface chemistry on this water structureeigealed in Figs. 4.5 and 4.6. Both
the strongly hydrophilic and the strongly hydrophobic aoes show large peaks in the water
structure at the surface. However, whereas water at theopidic surface is strongly bound
close to the surface and discourages protein binding eXoepery small contact areas, water
at the hydrophobic surface is weakly bound and stabilisemt@rotein conformations. Inter-
estingly, Ref. [136] reports optimum cell adhesion on stefaof intermediate wettability, such
as the amorphous silica surface. The density pro le of watethis surface, which is shown
in Fig. 4.5, may reveal why this is the case. The water streciti the amorphous silica/water
interface does not show such pronounced peaks when compérethe strongly hydrophilic
and hydrophobic examples, and the density is uniformlyectoghat of bulk water. It would be
interesting to investigate whether proteins are ablelyr$t approach closely and bind strongly
to the amorphous silica surface and, secondly, to mainiaiin bative conformation without the
need to restructure to form favourable protein-water adgons. Such interactions would result
in a high concentration of bound proteins, which would rgaldind to integrins and promote
cell growth.



Chapter 7
Conclusions

N THIS THESIS the surface chemistry and adhesive properties of oxidBeslirfaces have
been investigated usirap initio electronic structure calculations and classical molealya
namics simulations. Interactions between Si surfaceslagidéxternal environment are particu-

larly important when in contact with an atmospheric or pbiagical milieu, such as inimplanted
MEMS devices. These interactions are mediated by the thivenaxide layer that spontaneously
forms on the Si surface in the presence of oxygen and watecidercharacterisation of the sur-
face chemistry of the native oxide layer is, therefore, iauito the understanding of the response
of a host environment to exposure to Si devices. To this ehdyé investigated the stress devel-
opment, charge distribution and impurity segregation imadised and hydroxylated Si surface
previously obtained through FPMD. It was found that theitersdress increased during the ox-
idation process, reaching 2.5 N/m after adsorption of sewgmgen and two water molecules.
The oxidation states of Si species in the nal structure emhffom St to Si**, and their Mul-
liken charges increased approximately linearly with thenbar of nearest-neighbour O atoms. P
and B dopants favoured substitution at threefold-cootdhar compressed sites at the interface
between Si and the native oxide layer. This result was cordrhy FPMD simulations, which
indicated that both dopants remained trapped at the icekdnile the oxide layer was built up
above them. Doping Si with P or B is, therefore, unlikely tteaf the charge distribution in the
native oxide layer or the electrostatic and VdW interactibatween the surface and an external
environment.

This characterisation of the surface chemistry was used agoat for the development of a
classical interatomic potential for oxidised Si. The newgnbial aims to reproduce the structure,
charge distribution and tensile stress of the nativelyiseid Si surface previously obtained from
ab initio simulation. Further, surface-water non-bonded inteoastdf the electrostatic and VdW

111
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type have been carefully parameterised. The heat of imorecdithe amorphous silica surface
was measured as 166 m3/mwhich agrees well with experimental measurements. Coaajotar
the amorphous silica surface, the natively oxidised Siesrfvas found to interact more strongly
with water, which resulted in a higher heat of immersion (208n?) and more pronounced
oscillations in the density pro le of water perpendiculaiitis surface. The preparation of silicon-
on-insulator devices takes advantage of the strength iafctitin between oxidised Si surfaces
and interfacial water to bond together crystalline waféreoam temperature. The amorphous
silica and natively oxidised surfaces show maximum workdifesion values of 90 mJfand
97 mJ/nt, respectively, at approximately 1 ML water coverage. ThHea@iced adhesion between
two natively oxidised surfaces is explained by the largeillagions in the water density pro le
at the surfaces, which in turn is caused by the strongersH#ater interactions. A model of
a H-terminated Si surface was also developed to contrabkttivée more polar oxide surfaces.
Both the measured heat of immersion of -22 ntJamd also the observed repulsion between the
surface and the water layers indicated that this surfacestsasgly hydrophobic.

The simple form of the non-bonded interactions between tiieace and its external en-
vironment made parameterisation of surface-protein &utéons straightforward. Large-scale
classical MD simulations aimed to clarify the atomic-lepebcesses that ultimately control cell
adhesion to surfaces implanted into the extra-cellularimar into the bloodstream. These
simulations revealed that protein adhesion to materidhees is largely determined by surface
chemistry and the associated structure of the adsorbed lagrs. Adsorption studies of the
NC1 domain of collagen XIV onto the natively oxidised sudaeere characterised by small con-
tact areas and low binding energies. The protein fragmestakslised at the strongly hydrophilic
surface by penetrating into the rst monolayer of adsorbatlawvand interacting directly with the
surface. The same seems to be true for the adsorption of i@ EISA protein on the native ox-
ide. The protein remains bound in an end-on con guratiormmted by the literature throughout
a 1.36 ns simulation, though further calculation is reqiittecon rm its stability. In contrast, the
NC1 domain of collagen XIV with its hydrophobic surface oried towards the H-terminated Si
surface has a large free energy of adsorption of -1.6 eV aadya tontact surface area. Colla-
gen is stabilised in this conformation by favourable proteater interactions, in agreement with
experimental observations.

The investigations of further surface/water/proteinifatees would be an interesting subject
for further work. In particular, further simulations of peins at the H-terminated Si surface and
at surfaces such as amorphous silica may be able to claefsnéthanisms behind experimental
observations of denaturation at hydrophobic surfaces ahdreed cell growth at surfaces of
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intermediate wettability. The newly developed potentmlthe natively oxidised Si surface may
also be used to investigate the effects that deprotonafitmedydroxyl groups and adsorption
of positively-charged counter-ions have on the adhesiwpgaties of the surface. Studies on TiN
surfaces have found that similar processes lead tmthi&o nucleation of calcium phosphate on
orthopaedic implants [120, 151].

| have shown, in this thesis, the power of bath initio and classical molecular dynamics
simulations in the prediction of mechanistic details thratdif cult to access experimentally. On
one hand, by treating the system classically, we may simulket long time dynamics of large
systems, but are limited by our initial assumptions. On theichand, we have unbiasal initio
techniques that accurately model the chemistry of the sydiat which are limited by the system
size and time scales that may be modelled. In principle, Henestry at the surface/protein
interface should not be excludedpriori. The same is true for the brittle fracture of Si in the
presence of oxygen, in which bond breaking and oxygen atiearpt the crack tip require
rst principles simulation, while the remainder of the syt must be modelled classically by a
potential capable of describing the range of oxidised Stiggeand the stress distribution present
in the newly formed fracture surface. This system requiysid techniques, such as the “Learn
on the Fly” method, which combine both large system sizesaacdrate quantum descriptions
of limited portions of the simulated system. The invesiabf systems such as these, through
the combination of the classical potential developed ia thesis with existing hybrid schemes,
will be the subject of future work.
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