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Electronic devices, gas sensors, micro- and nano- electromechanical systems and 

catalytic devices are usually composed of multifunctional nano-scaled structures. 

Inherent to these complex nanostructures are heterogeneous interfaces such as, for 

example, metal/metal oxide, semiconductor/metal oxide, and metal oxide/gaseous 

molecule interfaces. These heterogeneous interfaces play a crucial role in the 

applications of nanostructures. With recent advancements in technology, these 

nanostructures have shrunk to dimensions less than tens of nanometers and contain 

less than hundreds of billions of atoms. It has also recently become routine to model 

and simulate these multi-million-atom nanostructures with heterogeneous interfaces at 

the atomistic level using molecular dynamics (MD) simulations. The capability to 

simulate atoms interacting with each other in these multifunctional nanostructures has 

made probing, understanding and engineering the atomic-level properties of materials 

possible.  

The key ingredient in MD simulations is the empirical energy functions used to 

describe interatomic interactions in such discrete bonding environments. Examples of 
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successful empirical energy functions that can be used separately to describe 

interatomic interactions in metals, ionic solids and semiconductors are not flexible 

enough to model heterogeneous interfaces in multifunctional nanostructures. A recently 

developed first-generation charge optimized many body (COMB) potential is designed 

to tackle this difficulty. In this work, the second-generation COMB potentials are 

developed for various heterogeneous interfacial systems and are applied to investigate 

the underlying physics of the interfaces in these nanostructures. The developed 

potentials include Si and SiO2, Cu and Cu2O, Hf and HfO2, and Ti and TiO2 potential 

functions. The potential functions allow all elemental and oxide phases to be modeled in 

the same simulation cell, therefore it is able to model complex multifunctional 

nanostructures composed of heterogeneous interfaces in an integrated manner. The 

empirical, variable charge second-generation COMB potentials developed in this work 

are useful and powerful tools that will allow scientists and engineers to model real 

device-size multifunctional nanostructures at the atomistic level with MD simulations 

using the COMB potentials, thus providing insights into the atomic-level properties of 

materials with technological significance. 
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CHAPTER 1 
INTRODUCTION 

Electronic devices, such as metal oxide semiconductor field effect transistors 

(MOSFETs), gas sensors, micro- and nano- electromechanical systems and catalytic 

devices are usually composed of multifunctional nano-scaled structures. Inherent to 

these complex nanostructures are heterogeneous interfaces such as, for example, 

metal/metal oxide, semiconductor/metal oxide, and metal oxide/gaseous molecule 

interfaces.  It is typical for there to be significant changes in bonding environments on 

either side of these interfaces. For example, the bonding environment changes from 

metallic to ionic at metal/metal oxide interfaces, and changes from covalent to ionic at 

semiconductor/metal oxide interfaces. These heterogeneous interfaces play a crucial 

role in the applications of nanostructures: as illustrated in Figure 1-11, the application of 

thermal barrier coating materials involve interfaces between metallic and ionic bonded 

atoms, while interconnects and catalysts contain interfaces between metallic and 

covalent bonded atoms. In addition, interfaces between metallic, covalent and ionic 

bonding are common in microelectronic and bio-implant applications.  

With recent advancements in technology, these nanostructures have shrunk to 

dimensions of several to tens of nanometers and contain only hundreds of millions to 

hundreds of billions of atoms. Driven by the rapid growth in computer power and 

computational algorithms, it has also recently become routine to model and simulate 

these multi-million-atom nanostructures with heterogeneous interfaces at the atomistic 

level. The capability to simulate atoms interacting with each other in these 

multifunctional nanostructures has made probing, understanding and engineering the 

atomic-level properties of materials possible. The role of simulations is not only 
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necessarily to model experimental behavior, but also to identify important atomistic 

mechanisms that occur during dynamical processes, to assist in the explanation and 

analysis of experimental data, and to provide predictions that consequent experiments 

can confirm or refute. Reliable and dependable models and simulations allow scientists 

and engineers to minimize the amount of physical experimentation used for a study, 

reduce cost and avoid unnecessary generation of experimental waste. 

Modeling and simulating these heterogeneous interfaces in multifunctional 

nanostructured materials and devices with computers using ab initio quantum-

mechanical2 and density-functional theory (DFT) methods3, 4 have provided valuable 

insights into the structural and energetic properties of the interfaces. These types of 

electronic-structure methods are effective and provide the highest fidelity currently 

available, but are also typically limited to systems with a few hundred atoms and are 

computationally time intensive. As a result of these limitations such approaches are not 

easily applied to the study of real device-sized heterogeneous interfaces. Atomistic 

methods, most prominently, molecular dynamics (MD) simulations with empirical 

methods complement the strengths and weaknesses of electronic-structure methods. 

MD simulations do not promise the same level of materials fidelity of electronic-structure 

methods; however, they can simulate device-size systems and dynamical processes in 

a natural way. 

The key ingredient in MD simulations is the method of describing the way atoms 

interact with each other (or the empirical energy functions used to describe interatomic 

interactions) in such discrete bonding environments. The embedded atom method 

(EAM)5, 6, fixed-charge Buckingham type potentials7 and Tersoff potentials8, 9 are 
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examples of successful empirical energy functions that can be used to describe 

interatomic interactions in metals, ionic solids and semiconductors, respectively. 

However, to model and simulate heterogeneous interfaces in multifunctional 

nanostructures, the energy functions must be more flexible than they are in these 

potentials so that they are capable of describing all three types of bonding in an 

integrated manner. Furthermore, the energy functions must allow for changes in atomic 

charge as a function of bonding environment, a seemingly inherently electronic effect. 

Reactive force fields (ReaxFF)10, 11 and charge optimized many body (COMB)12, 13 

potentials, therefore, are designed to tackle this difficulty and have been developed and 

parameterized to include a wide range of elements and compounds. In this regard, it is 

the objective of this work to develop and apply COMB potentials for a various 

heterogeneous interfacial systems and investigate the underlying physics of the 

interfaces in these nanostructures. 

The rest of the chapters of the dissertation are organized as follows. Chapter 2 

reviews the fundamentals of MD simulations, the details of the inter-atomic empirical 

potential function used in this dissertation, dynamic charge equilibration methodology 

and the implementation of the potential into MD codes. Chapter 3 discusses a potential 

function for semiconductor Si and gate oxide SiO2 polymorphs. The potential function 

for Si/SiO2 is applied to investigate the point defect formation energies of amorphous 

silica, atomic oxygen adsorption energies on reconstructed Si (001) surface, Si and 

SiO2 interfaces, Si nanocrystals embedded in amorphous silica matrix, and 

nanoindentation of Si/α-quartz and Si/a-SiO2 systems. Chapter 4 provides a potential 

function for metal Cu and Cu2O oxide. The potential for Cu/Cu2O, when combined with 
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the potential for Si/SiO2, is applied to study the structural and adhesive properties of 

Cu/SiO2 interfaces. Chapter 5 gives a potential function for metal Hf and gate oxide 

HfO2 polymorphs. The Hf/HfO2 potential captures the correct phase order among HfO2 

polymorphs and is applied to study amorphous hafnia. The potential for HfO2, together 

with Si/SiO2 potential, is also applied to investigate the structural and adhesive 

properties of Si/HfO2 interfaces, as well as nanoindentation of Si/HfO2 interfacial 

systems. Chapter 6 is a potential function for metal Ti and metal oxide TiO2 polymorphs, 

which is applied to investigate the phase order of TiO2 polymorphs, defect formation 

energies in bulk rutile and in rutile grain boundaries, surface energies of various rutile 

and anatase surfaces. The Ti/TiO2 potential is also combined with the Cu/Cu2O 

potential to study the adsorption energetic of Cu clusters on rutile (110) surfaces. Lastly, 

Chapter 7 contains a general conclusion of this work, along with ongoing development 

of new potential functions and future possibilities. 

 



 

19 

  

 

 
Figure 1-1.  “The modelers’ playground”, described in a recently published article 

(Science 325, 1634 (2009)), illustrates the significant difference in bonding 
environments between interfaces of multifunctional nanostructures. Reprinted 
with permission from S. R. Phillpot and S. B. Sinnott. 
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CHAPTER 2 
MOLECULAR DYNAMICS, FUNCTIONAL FORMALISM AND IMPLEMENTATION OF 

CHARGE OPTIMIZED MANY BODY (COMB) POTENTIALS 

2.1 Fundamentals of Molecular Dynamics Simulations 

Molecular dynamics is a computer simulation technique that the evolution of a set 

of interacting atoms with respect to time is followed by integrating their equations of 

motion.14 In MD, interacting atoms follow classical mechanics therefore Newton’s 

equation of motion is numerically integrated to calculate atomic positions and momenta: 

iii m aF  ,           (2-1) 

22 / dtd ii ra  ,           (2-2) 

where im  is the atomic mass of atom i, ia  is its acceleration, ir  is its position and iF  is 

the force acting upon it, due to inter-atomic interactions. The bold text represents a 

vector, and this representation will be used throughout this chapter. MD is a statistical 

mechanics method, and it provides a way to obtain a set of configurations (atomic 

positions and momenta) distributed according to some statistical distribution function 

(ensemble). From statistical mechanics14, the average over such a configuration 

distributed according to a certain ensemble represents a physical quantity. Statistical 

mechanics also serves as a link between microscopic behavior and macroscopic 

thermodynamics. Therefore provided a long enough simulation time for a system of 

atoms to reach equilibrium, MD simulations can be used to measure thermodynamic 

properties of the system and the material simulated. For further details on MD 

simulations and statistical mechanics, the reader is referred to Allen [14]. Only the 

basics of MD simulations, such as inter-atomic potential, periodic boundary conditions, 



 

21 

time integration algorithm and temperature/pressure control methods, are briefly 

introduced in the following sections. 

2.1.1 Inter-atomic Potential 

MD simulations utilize energy functions to describe inter-atomic interactions, and 

such energy functions, or the inter-atomic potential, governs the force iF  on atom i by: 

ii E rF  /  ,          (2-3) 

where E  is the inter-atomic potential energy function. The inter-atomic potential can be 

as simple as a pairwise interaction between a pair of atoms, which is the case in a 

Lennard-Jones potential15, or includes bond angles between three bonded atoms, or 

even dihedral angles between four bonded atoms. The potential function may also 

include long range interactions between non-bonded atoms. The potential may depend 

only on atomic positions ir , or it may be also dependent upon atomic charges, qi. The 

choice of inter-atomic potential is crucial, since the quality of MD simulations and the 

fidelity of the thermodynamics properties obtained for the system/material rely heavily 

on the inter-atomic potential. The inter-atomic potential used in this study is the charge-

optimized many body12, 16, 17 (COMB) potential, the details of which will be discussed in 

Section 2.2.  

2.1.2 Periodic Boundary Conditions 

Periodic boundary conditions (PBCs)14 are introduced to avoid unphysical edge 

effects, and allow a finite number of atoms, distributed in a simulation supercell, to 

model an infinite system. In this case, the simulation supercell is surrounded by replicas 

of itself so that atoms that exit one side of the supercell remerge into the simulation 

through the opposite side of the supercell. Moreover, an atom in the supercell interacts 
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with either another atom in the supercell or its equivalent atom in a surrounding 

imaginary supercell depending on which distance to the atom is shortest. It should be 

noted that PBCs are approximations, and the influence of boundaries on the system is 

not completely eliminated. However, the undesired influence of boundaries can be 

minimized by choosing sufficiently large dimensions for the simulated system. 

2.1.3 Time Integration Algorithm 

The evolution of a system containing N atoms with time t in MD simulations occurs 

by integrating Equation 2-1 with a time integration algorithm. In particular, at a certain 

time t, knowing the positions ir  of the atom i, )(tir , the positions of the atom at a later 

time t t can be obtained. Through iteration the evolution of the system of N atoms can 

be followed for long times. In this work the time integration algorithm utilized is the 

Verlet algorithm.14, 18 The algorithm expands the positions, )(tir  , to two third-order 

Taylor expansions in to obtain the positions at a later time: 

)()()()(2)( 42 tOttttttt iiii  arrr ,      (2-4) 

where a, the accelerations, following Newtion’s equation of motion is simply: 

iii Emt ra  /)/1()( .         (2-5) 

The truncation error of this algorithm is of the order of 
4t . With a carefully chosen 

time step, t , that is small enough the truncation error can be neglected. 

2.1.4 Temperature Control Method  

Thermostats are often used in MD simulations to regulate system temperature. 

Since temperature is an averaged physical quantity, one cannot control the system 

temperature directly by fixing it to a certain value. The system temperature is therefore 

controlled by regulating the kinetic energy of the system; in practice, one modifies the 
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velocities of the atoms. Of the several popular thermostat methods19-23, the Nosé-

Hoover20-22 thermostat is applied in this work. In the Nosé-Hoover thermostat formalism, 

the effect that modifies the atomic velocities, which acts as a heat reservoir, is reduced 

to an additional degree of freedom. This degree of freedom is added into the system’s 

equation of motion, by the following equations: 

iii mdtd // pr 
,          (2-6) 

iii Edtd prp  //
.         (2-7) 

Where p is the momenta of the atoms, and ξ is the additional degree of freedom 

representing the heat reservoir. The equation of motion for the reservoir is: 

QTTTkgdtd B /)1/(/ 00          (2-8) 

where g  is the number of independent momentum degrees of freedom of the system, 

Bk  is the Boltzmann constant, T is the system temperature and T0 is the reservoir 

temperature. Q is the “mass” associated with the reservoir, which determines the 

strength of the thermostat, and should be chosen carefully. If the value of Q is too small, 

the system will not behave as a canonical, i.e. constant-volume and constant 

temperature (NVT), ensemble. However if Q is too large then the temperature control 

will not be efficient. 

In MD simulations, one can selectively apply thermostat to atoms of the system. 

Atoms that are not subject to the constraint of the thermostat, termed active atoms, are 

allowed to evolve solely dependent upon inter-atomic potential. Selectively applying 

thermostat allows dynamic properties and chemical reactions being captured, but 

system temperature is efficiently regulated by the reservoir. The Nosé-Hoover 

thermostat is applied in this work for MD simulations carried out in NVT ensemble. 
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2.1.5 Pressure Control Method 

Two of the most considered ensembles, canonical and microcanonical, in MD 

simulations are carried out under constant volume constraints. In such simulations, the 

volume of the system containing atoms remains constant. However for some cases one 

would wish the volume of the system respond to external effects such as temperature, 

in which case one controls the pressure of the system and allows the volume to change. 

These pressure control methods are called barostats, and several barostats have been 

developed for MD simulations, as seen in the literature.19, 23, 24 This work utilizes 

Martyna-Tobias-Klein (MTK) implementation24 of Nosé-Hoover barostat, which has the 

form: 

iii Edtd prp  //
,         (2-9) 

2

0 /)(/ PPPVdtd  
,         (2-10) 

where η is the additional degree of freedom associated with a “piston” that controls the 

change of volume, P is the system pressure, P0 is the piston pressure and τp is the 

barostat time constant that controls the strength of the pressure control. Because of its 

implementation, MTK Nosé-Hoover barostat has to be used together with the Nosé-

Hoover thermostat, which forms the constant-pressure constant-volume (NPT) 

ensemble. This combination of Nosé-Hoover thermostat and MTK Nosé-Hoover 

barostat is applied in this work for MD simulations carried out in NPT ensemble. 

2.2 Functional Formalism of COMB Potentials 

The COMB potentials developed in this work are built on the physical and 

mathematical framework developed by others for the Si/SiO2 system.12 In brief, the first-

generation COMB potential formalism is based on the empirical Tersoff potential for 
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silicon.8, 9 The Tersoff potential describes many-body interactions, allows the breaking 

of existing bonds and the formation of new bonds, and has been successfully applied to 

study various properties of silicon and diamond. Based on the Tersoff potential, 

Yasukawa extended the bond-order method to the Si/SiO2 system25 by adding an 

electrostatic term and self-consistent charge equilibration in the spirit of the Rappe and 

Goddard approach26, which was also applied to Al/Al2O3 by Streitz and Mintmire.27 

Iwasaki applied the same Yasukawa approach to the Si/HfO2, Ge/HfO2 and Si/ZrO2 

systems,28, 29
 while Yu et al. modified the Yasukawa potential function by adding 

correction terms, yielding the first-generation COMB framework for Si/SiO2.
12 Although 

these extended-Tersoff (Yasukawa, Iwasaki and Yu) potentials have their strengths, 

including the ability to model multi-component heterogeneous systems and 

transferability among different species, they are limited because of the use of a damped 

point charge model and because of the unrealistically short cutoff for the electrostatic 

term in the potential. To rectify these deficiencies, the author of this work and others 

modified the potential function for the Cu/Cu2O systems30 by replacing the point charge 

model and the cutoff function with Coulomb integrals over Slater 1s orbital31 and by 

treating the electrostatic interactions using the real-space Wolf summation method.32 

Similar to Brenner deriving the Reactive Empirical Bond Order (REBO)33, 34 potential 

from DFT35 and Finnis deriving an effective n-body potential from tight-binding DFT,36 

Devine showed that the second-generation COMB potentials can be derived from DFT 

as well.17 This work, bases on the fundamentals described above, develops the second-

generation COMB potential formalism for Si/SiO2
16, Cu/Cu2O

37, Hf/HfO2
13 and Ti/TiO2

38. 

The second generation COMB potentials have the general functional form: 
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where TE  is the total potential energy of the system, )( i

S

i qE  is the self-energy term of 

atom i , ),,( jiijij qqrV  is the inter-atomic potential between the i th and j th atoms, ijr  is 

the distance between atoms i  and j , iq  and jq  are charges of the atoms i  and j , and 

)( ii qB
 and ),( jikiji rC   are the charge barrier and correction functions. The individual 

functions are further described in the following sections. 

2.2.1 Self Energy Function 

The self energy term )( i

S

i qE
 
describes the energy required to form a charge and 

takes the form:  

  ,432

iii
qLqKqJqqE iiiiii

S

i  
         (2-12) 

where the coefficients 
i , 

iJ , 
iK and 

iL  are adjustable parameters fit to the atomic 

ionization energies and electron affinities of oxygen, silicon, copper, hafnium and 

titanium. The oxygen coefficients are the same for all COMB potentials (Si/SiO2
16, 

Hf/HfO2
13, Cu/Cu2O

37 and Ti/TiO2
38) to ensure full compatibility and transferability of the 

different potentials. A penalty function that captures the change in atomic self energy 

due to the field of the ionic lattice, such as bulk oxides, is added to the self energy term 

 i
S

i qE  and takes the form: 
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where 1 and 2 are adjustable parameters fit to the bulk properties. 
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2.2.2 Inter-atomic Potential Functions 

The inter-atomic potential energy ),,( jiijij qqrV  consists of three components: short 

range repulsion, )( ij

R rU
ij

, short range attraction, ),,( jiij

A qqrU
ij

  and long range Coulombic 

interaction, ),,( jiij

I qqrU
ij

, which are defined as: 

       ,,,,,,, jiij

I

ijjiij

A

ijij

R

ijjiijij qqrUqqrUrUqqrV           (2-14) 
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ij qqrJqqrU            (2-17) 

The many-body effects are described with the bond-order term, ijb , in the short 

range attraction, which takes the form  
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where the symmetry function ijk and angular function  jikg  are defined as 

  
,

im
ikij

im
ij

ik

rr

Sijk ef





            (2-19) 

    22222 cos//1 jikiiiiijik hdcdcg   .        (2-20) 

Here jik is the bond angle between bonds ij  and ik . i , in , im , ic , id  and ih
 
are 

adjustable parameters. The inverse decay lengths ij  and ij , the energy coefficients 

ijA  and ijB  depend only on the types of interacting atoms and follow take the following 

forms: 
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  ,2/jiij               (2-21) 

  ,2/jiij              (2-22) 

,
ji SSAij AAA             (2-23) 

,
ji SSBij BBB             (2-24) 

where  ,  , A  and B  are adjustable mixing rule scaling factors.  

A change in the partial charge on an atom affects the effective ionic radius, which 

influences the short-range attraction and repulsion. Yasukawa25 addressed this issue by 

modifying
 iSA  and 

iSB  to be dependent on the charge of the atom i : 
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where 
iUD  and 

iLD  are adjustable parameters that reflect the change in ionic radius 

with charge, 
iUQ  and 

iLQ  are parameters that correspond to upper and lower limits of 

valence shells and 
iBn is an adjustable parameter. 

The short range repulsion and attraction are truncated by the cut off function Cf , 

which is defined as: 
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where R and S are optimized cutoff radii that truncates after first nearest neighbors. 

The long range Coulombic interaction between charged atoms is described with 

the charge coupling factor,  
ijij rJ , and takes the form : 

,),(),()( 33

ijjjjiiijiijij rqrqrrdrdrJ           (2-35)

 
 

,),(
2

3
iiji rri

iiii eqqr








           (2-36) 

which is a Coulomb integral over 1s-type Slater orbitals31; 
i is an orbital exponent that 

controls the radial decay of the spherical electron density. The Coulombic interaction is 

treated with the Wolf summation32 and takes a cutoff of 12.0 Å. 

2.2.3 Charge Barrier Functions 

The charge equilibration method, although solves atomic charges dynamically, 

assumes that all atomic charges are limited to the valence shell, which are defined by 

the parameters 
iUQ  and 

iLQ . Once the atomic charge during charge equilibration 

reaches the upper or lower limit of the valence shell, the charge dependent energy 



 

30 

functions exhibit an abrupt discontinuity within/without the shells (due to Equations 2-25 

to 2-33). Since the potential function requires continuous charge dependent terms, 

charge barrier functions are applied when charges reach the valence shell limits and 

take the form: 

,)()( 4
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ii

U qQPqB
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           (2-37) 
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           (2-38) 

where iUQ

iP  and iLQ

iP  are adjustable energy parameters, currently set to 1keV. Different 

from the self energy function and inter-atomic potential functions, the charge barrier 

function is not derived from DFT. The choice of a fourth order polynomial for the charge 

barrier function is arbitrary. However, for aesthetic reason the fourth order polynomial 

was chosen to match the fourth order self energy term (described in Section 2.2.1, 

Equation 2-12). 

2.2.4 Correction Functions 

Unlike the self energy, inter-atomic potential, and charge barrier functions 

discussed in previous sections, correction functions are not applied to each individual 

potential as a general practice. Ideally speaking, correction functions should be avoided 

since they are not directly related to chemical bonding and they may not have significant 

physical meaning. However, these functions are applied only when it was found to be 

necessary to yield a more robust potential. These corrections are applied to bonded 

pairs and bond angles as described in the following sections. 

2.2.4.1 Cosine bond-bending function 

The cosine function bond-bending terms are generally applied to stabilize the 

ground state phase relative to other lesser stable polymorphs. The function is only 
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applied to oxygen containing bonds with unlike pairs. Although the angular function 

 jikg  has a similar purpose, it (Equation 2-30) is applied to all bonds including M-M-M, 

M-O-M, O-M-O, O-O-M, and O-O-O bonds, where M is the metal/cation specie. 

Therefore the cosine bond-bending terms, applied solely to M-O-M and O-M-O bonds, 

are defined as: 

,)cos(cos
2

,

0
 

 
i ij jik

MOMMOMMOMCCMOM KffE
ikij

      (2-39) 

,)cos(cos
2

,

0
 

 
i ij jik
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      (2-40) 

where M are Si, Cu and Ti, 
MOMK 

 and 
OMOK 

 are adjustable bond angle strengths, 

and MOM 
0cos  and OMO 

0cos  are set to the ideal bond angles of the ground state 

phases of SiO2, Cu2O and TiO2. This function is not applied to the COMB Hf/HfO2 

potential for the complexity of Hf-O-Hf and O-Hf-O bond angles, which will be further 

discussed in Section 2.2.4.4. 

2.2.4.2 Legendre polynomial bond-bending function 

The Legendre polynomial bond-bending function 
LP

i
E , applied to M-M-M bonds, 

are also used to stabilize ground state phases. Since the short range interactions are 

truncated after first nearest neighbors, and the Coulombic contribution is negligible 

because of neutral charges for pure metal phases, the COMB potential function does 

not distinguish between a metal in the hexagonal close packed (hcp) or face centered 

cubic (fcc) phases without strong coefficients for the angular term, Equation 2-30. 

However increased strengths of the angular term to capture the energy difference 

between hcp and fcc phases compromises the mechanical properties. The hcp phase is 

only significantly different from the fcc phase when third nearest neighbors are 
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considered. However inclusion of explicit third nearest neighbor interactions within an 

empirical potential significantly increases its computational cost. To cope with this 

difficulty, Yu et al. applied a third order Legendre polynomial, that was first proposed by 

Thijsse39, to Cu-Cu-Cu bonds  in pure Cu40, which takes the form: 

,])(cos[
,

33
 

 
i ij jik

CuCuCuLPSSCuCuCu
LP PKffE

ikij
        (2-41) 

where 3P is the third-order Legendre Polynomial function of the Cu-Cu-Cu bond angle, 

and LPK 3
 is the coefficient fitted to the difference in cohesive energies of Cu in hcp and 

fcc phases. This function penalizes the 109.47º angle of the hcp phase in order to make 

the fcc phase more stable and is used only in the COMB Cu/Cu2O potential so far. It is 

expected for future COMB potentials of fcc metals to include this bond angle correction 

function. 

When applying this function to hcp metals such as Ti and Hf, however, the leading 

coefficient LPK 3
must be negative since hcp is the more stable phase. Also, the absolute 

value of the fcc-hcp energy difference for Ti/Hf is approximately an order of magnitude 

greater than that of Cu; thus LPK 3
 must be a larger negative number. Although this 

function with a negative leading coefficient does successfully stabilize the 109.47º bond 

angle of the hcp phase, it also penalizes the 146º angle that is specific to the hcp 

phase. This penalty is significant because of the large LPK 3

 value, which leads to an 

unstable hcp phase above approximately 200 K.   

To overcome this problem while still retaining a more stable hcp phase, Shan et al. 

in their COMB Hf/HfO2
13 and Ti/TiO2

38 potentials employed a sixth-order Legendre 

polynomial to metal bonds, which is defined as: 
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where M are Ti and Hf, 6P  is the sixth-order Legendre polynomial function of the bond 

angle, and LPK 6
is the coefficient fitted to the difference in cohesive energies of Ti/Hf in 

hcp and fcc phases. This function stabilizes the 146º bond angle of the hcp phase, 

without significantly penalizing the 109.47º angle. With this polynomial function, the hcp 

phase of Hf is stable and the hcp-fcc energy difference is well described. This sixth-

order Legendre polynomial bond-angle correction function is also expected to be 

applied to future COMB potentials of hcp metals. 

2.2.4.3 Additional short-range repulsion 

An additional short range repulsion term, applied only to Ti-O bonds to bring the 

equilibrium bond lengths and cohesive energies of TiO2 phases closer to first-principles 

calculated values, is added to the short range repulsion R

ij
U , and is defined as: 

      
,/11
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ijijijrSij
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ij eArrKfrU


         (2-43) 

 where rK is the fitted strength and 
0

ijr is set to S, the outer short range cutoff radius. 

2.2.4.4 Over-coordination function 

The challenge for the HfO2 system is the variety of Hf-O-Hf and O-Hf-O bond 

angles that are displayed by the various hafnia phases. For this reason, attempts to 

stabilize the ground phase with bond-bending terms applied to Hf-O-Hf and O-Hf-O at 

first proved unsuccessful. Therefore, I introduce an over-coordination correction term to 

de-stabilize the phases with higher (8 and greater) coordination number around the Hf 

atom. This term was inspired by the analogous term in the ReaxFF potential for 

hydrocarbons10 and takes the form for the Hf-O system: 
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 SSOHfc SRrfN ,,  .          (2-45) 

Here E0 and γ are fitted parameters that control the strength of the over-

coordination correction, and ΔN is the over-coordination number with respect to 7 (the 

coordination number of Hf atom in the ground-state monoclinic phase). The calculation 

of ΔN incorporates the short range cutoff 
cf , defined in Equation 2-34, where RS and SS 

are the inner and outer covalent cutoffs, respectively. This correction term is only 

applied when ΔN is greater than 0.25.  

2.2.4.5 Tetragonal stabilizing function 

To stabilize the tetragonal HfO2 phase over the lesser stable cubic phase, an 

additional repulsion term that takes the following form is applied to Hf-O bonds: 

  8/5.43050 24

21
  xxRffE ccr ,         (2-46) 

   211 rrrrx OHf   ,          (2-47) 

where the coefficients R , r1 and r2 are adjustable parameters and rHf-O is the Hf-O bond 

length. This additional term (Equation 2-46), is added into the repulsive energy term (2-

15). 

2.3 Fitting Procedures of COMB Potentials 

The parameter sets for the previously developed first-generation COMB potentials 

for Si/SiO2
12 and Cu40 were fit solely to the structural and energetic information of the 

ground state polymorphs. Yu et al. determined the best parameter set that minimize a 

penalty function, f(p), for the parameter set, p, with the least-squares method using a 

downhill simplex algorithm41. The penalty function is calculated from the weighted 
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deviations of the lattice parameters, elastic constants, and energy per isometric strain of 

the ground state phase from respective target values obtained from experiments or first-

principles calculations. These properties of all other less stable polymorphs are then 

checked against the resulting parameter set. Since the parameters are only optimized 

for the ground state phase, the drawback of this method is that the optimized parameter 

set must be re-determined if some less stable polymorph is incorrectly predicted  to be 

lower in energy than the ground state or exhibits unacceptable properties. 

To overcome this difficulty, the author of this work has developed an algorithm that 

fits structural and energetic information for multiple phases. It also determines the 

potential parameter set using the least-squares method with the simplex algorithm, but 

the penalty function is determined from all considered phases, which generally include 

natural polymorphs, high temperature/pressure polymorphs, and hypothetical 

stoichiometric and non-stoichiometric polymorphs. It is also possible and feasible to 

include structures with defects, both point defects and planar defects such as free 

surfaces and stacking faults. A major advantage of this multi-phase fitting method 

compared to the ground-state method is that the fitting of parameters considers all 

possible structures and configurations, including perfect and defective ones, so that the 

relative difference in cohesive energies and the phase order is at least taken into 

account, if not well reproduced. This method has been and still is applied to the 

development of all second-generation COMB potentials.13, 16, 30, 37, 38, 42-45 The 

disadvantage, as one might expect, is the increase in computational expense within 

each simplex fitting iteration. The parameters determined for the potentials developed or 

modified as part of this work are given in Appendix, Tables A-1 and A-2. 
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2.4 Dynamic Charge Equilibration Method 

Atomic charges are treated as dynamical variables that evolve with time and 

bonding environment in COMB potentials, and are equilibrated (solved) based on the 

electronegativity equalization (EE) principle, a concept after Sanderson46 and Parr.47, 48 

Sanderson proposed that in a many-atom system, the electrons, regarded as an 

electron gas, will distribute themselves so that the electrochemical potential is equal at 

all atomic/nuclear sites. It was later shown by Parr et al. that the electron gas has an 

electrochemical potential which is the negative of the Mulliken electronegativity. The 

atomic charges on all atoms, by the EE principle, are those that minimize the charge-

dependent energy functions and for which the electronegativities are equal (or within an 

arbitrary tolerance factor). If an atom/nucleus moves, the electron gas will re-equilibrate 

itself to equalize the electronegativity on all atoms, which results in a change in atomic 

charges. 

Treating charges as dynamical variables adds an additional degree of freedom to 

the atoms besides the positions. The main task for the potential is to explicitly solve the 

positions and charges correctly and efficiently. Traditionally, for an N-atom system a 

self-consistent iterative looping method involving an N × N matrix is used to solve the 

charges. This method, however, also scales with O(N × N), which can significantly  

increase computational cost. To bypass this problem, the first- and second- generation 

COMB potentials use an extended Lagrangian method developed by Rick et al.49 Yu et 

al.12 modified the method by adding a damping term for faster convergence. The 

advantage of this Lagrangian method over solving the NxN matrix self-consistently is it 

scales with O(N) instead of O(N × N). On the other hand, the disadvantage of this 

method is it requires a fictional charge mass, a charge integration time step and an 
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arbitrary damping term, which do not correlate well to physical aspects of the material. 

In particular, the charge mass in COMB potentials is 0.06 u, which is two orders of 

magnitude larger than the actual mass of an electron. Additionally, the arbitrarily chosen 

convergence tolerance, usually set to 0.0001-0.01, is a trade-off between charge 

equilibration efficiency and precision, which should be chosen carefully. 

2.5 Implementation of COMB Potentials 

The COMB potentials developed in this work are implemented in two MD codes, 

an in-house HELL code and an external Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS)50 code.  

2.5.1 Implementation to In-house Code 

The implementation of COMB potentials in the existing in-house code, HELL, was 

not a trivial task, and it certainly involved a number of researchers over the years. The 

HELL code was originally developed and written by Drs. Dieter Wolf and Simon Phillpot. 

It is a two-dimensional parallel MD code that includes potentials for metals, 

semiconductors and ionic solids such as EAM5, 6, Tersoff8, 9, Stillinger-Weber51 and 

Buckingham7 potentials. The development and implementation of the first generation 

COMB potential involved a tremendous amount of coding, which includes modifying the 

HELL code and adding new potential function, analysis, and fitting subroutines; for 

which Drs. Jianguo Yu and Alan McGaughey contributed significantly. The HELL 

implementation of COMB was first coded in Fortran 77, which used static memory 

allocation, the drawback of which was the inefficient usage of physical memory and 

frequent modification of the code related to array declaration. Therefore, Bryce Devine 

modified the code in Fortran 90/95, which utilized dynamic memory allocation, which 

resulted in significantly increased efficiency. In addition to the coding and development 



 

38 

of the second-generation COMB potentials, Devine also developed a serial version of 

the code for fitting purposes since the original parallel version has a lower limit on 

simulation size dimensions and small systems are preferred for the purpose of fitting 

parameters. Using the serial code to develop new functions and fitting parameters for 

new potentials, the computational expense is greatly reduced. The author’s contribution 

to the HELL implementation of COMB potentials was developing and adding necessary 

correction functions for specific potentials, as well as developing and implementing the 

multi-phase fitting method. Currently both parallel and serial versions of the COMB 

potentials code are still used for production and development purposes, respectively. 

2.5.2 Implementation to Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS) Code 

LAMMPS is a classical MD code that is developed and distributed by Dr. Steve 

Plimpton at Sandia National Laboratories. It runs on single processors or in parallel 

using message-passing techniques with a three-dimensional spatial decomposition. 

LAMMPS has numerous potential functions for soft materials, such as biomolecules and 

polymers, and solid-state materials (metals, semiconductors, ionic solids), in addition to 

coarse-grained or mesoscopic models. It has therefore steadily gained in popularity 

since its release in the early 1990s. The current version of LAMMPS is written in C++ 

for the high-level structure and its class organization, but functions (class methods) and 

potentials are written in C-style codes. To allow the developed COMB potentials to 

become more readily available to the computational materials 

science/chemistry/physics community, the second-generation COMB potentials that are 

developed in this work were implemented to LAMMPS code by the author. The 

implementation is largely based on Dr. Aidan Thompson’s implementation of the Tersoff 
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potential. The efficiency of the LAMMPS implementation of COMB potentials is 

generally 5-10% faster than the HELL implementation (in the most efficient case for 

HELL). Currently the author uses the serial HELL code for potential development and 

LAMMPS for production and large scale simulation works. 

2.5.3 Scaling of LAMMPS Implementation of COMB Potentials 

The computational expense of any simulation using any method increases with 

system size. Generally, the more electrons/atoms/molecules/particles/ meshes that are 

explicitly treated in the system, the more CPU time is required; however the increase in 

computational cost does not necessarily scale linearly with system size. On the other 

hand, when using multiple processors computational time is efficiently reduced, but the 

parallel efficiency also does not necessarily increase linearly with the number of 

processors used. The scaling of the COMB potentials on single processor, fixed-size on 

multiple processors and scaled-size on multiple processors are discussed in following 

sections, respectively. All calculations are carried out on a computer cluster with 2.0 

GHz Intel Xeon dual quad-cores with MPICH1.2.7 message-passing interface. 

2.5.3.1 Scaling with size on single processor 

The scaling of LAMMPS implementation of COMB potential is compared to that of 

LAMMPS implementation of Tersoff potential and HELL implementation of COMB 

potential. The potentials chosen are COMB Si/SiO2 and Tersoff Si potentials. The 

efficiency is calculated according to: 

,
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CPU
CPU

Efficiency S

N

           (2-48) 
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where 
NCPU  and 

SCPU  are the CPU time of N supercells and one supercell, 

respectively, and N is the number of supercells. An efficiency of 1.0 indicates ideal 

scaling. The smallest system size is a Si supercell with 4 × 4 × 4 unitcells, and the 

largest system size is composed of 60 of those supercells. The efficiency is plotted as a 

function of system size in log10 scale, as shown in Figure 2-1. All runs are carried out 

with fixed and neutral charges. It is seen that both LAMMPS implementation of Tersoff 

and COMB potentials scale linearly with the increase in system size, however HELL 

implementation of COMB potential has a decreased efficiency with increased system 

size. The poor scaling behavior of HELL implementation of COMB potentials is due to 

increased size of allocated, but not used, arrays and less efficient utilization of link-cell 

and neighbor-list techniques. 

2.5.3.2 Fixed-size scaling on multiple processors 

The fixed-size scaling on multiple processors of LAMMPS implementation of 

COMB potentials is carried out with SiO2 potential with a fixed 32,400 atom α-

cristobalite structure. The solution time is broken down to the time taken by inter-atomic 

calculations, charge equilibration (QEq) calculations and their sum. All calculations 

consisted of 100 MD steps, and charge equilibration is conducted every 10 steps to 

0.001 tolerance. The efficiency is calculated with:  

,
NP

CPU
CPU

Efficiency N

S

           (2-49) 

where 
NCPU  and 

SCPU  are the CPU time with N processors and single processor, 

respectively, and NP is the number of processors used. The efficiency is plotted as a 

function of number of processors used, as shown in Figure 2-2. The inter-atomic 
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calculation scales linearly with increased usage of processors, indicating an ideal 

parallel efficiency. However, QEq shows a deviation from ideal efficiency due to 

increased communication among CPUs. Since QEq takes ~80% of the CPU time, Total 

time is dominated by charge equilibration. Despite the deviation from ideal parallel 

efficiency, a reasonable overall speedup with increased usage of CPUs can be 

expected when using LAMMPS implementation of COMB potentials.  

2.5.3.3 Scaled-size scaling on multiple processors 

The scaled-size scaling on multiple processors of LAMMPS implementation of 

COMB potentials is carried out with the SiO2 potential with a fixed 1,728 atom/CPU α-

cristobalite structure. The system size increases with the increased use of processors 

so that number of atoms per processor remains constant regardless of the number of 

CPUs used. The largest system is run with 64 CPUs containing 110,592 atoms. The 

relative computational cost in this case is the ratio of calculation time used with multiple 

processors over the time used for inter-atomic calculations with a single processor. The 

relative cost is plotted as a function of CPUs, as shown in Figure 2-3. The total time is 

the sum of QEq time and Inter-atomic time plus a minor contribution from 

communication time. By the structure of LAMMPS, this communication time does not 

include the communication time taken by the QEq calculations. It is seen in the scaled-

size scaling problem, inter-atomic calculations remains ideal parallel efficiency, while 

charge equilibration, dominating overall solution time and generally taking 4-5 times 

more time than inter-atomic calculations, deviates from ideal efficiency. This is also due 

to increased communication among increased number of CPUs during QEq 

calculations.  
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In above scaling tests, the largest system sizes considered and the most number 

of CPUs used do not by any means indicate the limit of the implementation of potentials. 

2.5.4 Cost of COMB Potentials Compared to other Inter-atomic Potentials in 
LAMMPS 

Lastly, the relative computational cost of LAMMPS implementation of COMB 

potentials is compared to other implemented inter-atomic potentials. As shown in Table 

2-1, considered inter-atomic potentials includes typical two-body and three-body 

potentials, potentials with additional longer range dispersion and dihedral terms, as well 

as potentials with long range Coulombics and variable charge schemes. The LJ ratio is 

the computational time with single processor relative to that using Lennard-Jones (LJ) 

potential, therefore larger ratio numbers indicate more expensive computational cost; 

the potentials are listed in the order of LJ ratio. Also shown in Table 2-1 are the system 

considered, number of atoms modeled, timestep used and physical memory used for 

each potential. Data are obtained from LAMMPS official website and Table 2-1 is 

reproduced with permission. 

It is seen that when three-body or many-body interactions are considered, the 

relative cost to LJ is increased by a factor of 4, including long range dispersion or 

Coulombic increases the cost by approximately an order of magnitude, and further 

including dynamic charge equilibration increases the cost by two orders of magnitude. 

Charge equilibration of COMB potentials took ~230 × of the computational time, while 

the inter-atomic calculations, including long-range Coulombics, took only ~50 × 

computational time. Therefore provided the efficiency of charge equilibration is greatly 

increased, the overall computational cost of COMB potentials can be significantly 

reduced. In addition, physical memory of the computing node places a hard limit on the 
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maximum atoms allowed per processor. It is seen from Table 2-1 that the COMB 

potentials use far less physical memory compared to potentials with roughly the same 

order of LJ ratio, which indicates that compared to ReaxFF and eFF potentials larger 

system sizes are allowed when using COMB potentials. 

2.6 Summary 

The COMB potentials developed in this work equilibrate atomic charges based on 

the electronegativity equalization principle, and the charge of a particular atom is 

equilibrated according to its bonding environment. These developed COMB potentials 

are implemented in HELL and LAMMPS50 codes, and the efficiency and scalability of 

the LAMMPS implementation is shown to be better than that of the HELL code. This is 

mainly because HELL code is designed for parameterization and development of new 

potentials and is not optimized for computational efficiency. 
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Table 2-1.  Relative computational cost of selected inter-atomic potentials available in 
LAMMPS code. Reproduced with permission from Steve J. Plimpton, 
http://lammps.sandia.gov. 

Potential System Atoms Timestep Memory LJ ratio 

Lennard-Jones LJ liquid 32,000 0.005 tau 12 Mb 1.0 × 

Embedded Atom Method bulk Cu 32,000 5 fs 13 Mb 2.4 × 

Tersoff bulk Si 32,000 1 fs 9.2 Mb 4.1 × 

Stillinger-Weber bulk Si 32,000 1fs 11 Mb 4.1 × 

Embedded Ion Method NaCl crys. 32,000 0.5 fs 14 Mb 6.5 × 

CHARMM+PPPM solvated protein 32,000 2 fs 124 Mb 13.6 × 

Modified EAM bulk Ni 32,000 5 fs 54 Mb 15.6 × 

AIREBO polyethylene 32,640 0.5 fs 101 Mb 54.7 × 

ReaxFF/C PETN crys. 32,480 0.1 fs 976 Mb 185 × 

COMB SiO2 cyrs. 32,400 0.2 fs 85 Mb 284 × 

eFF H plasma 32,000 0.001 fs 365 Mb 306 × 

ReaxFF PETN crys. 16,240 0.1 fs 425 Mb 337 × 
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Figure 2-1.  Scaling with size on single processor for LAMMPS Tersoff, LAMMPS 

COMB and HELL COMB. Computation efficiency plotted as a function of 
system sizes. 
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Figure 2-2.  Fixed-size scaling of COMB potential. Computation efficiency plotted as a 

function of number of CPUs used for a fixed system size problem. 
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Figure 2-3.  Scaled-size scaling of COMB potential. Computation efficiency plotted as a 

function of number of CPUs used for a fixed size per CPU problem. 
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CHAPTER 3 
DEVELOPMENT OF COMB SI/SIO2 POTENTIAL AND ITS APPLICATIONS TO 

AMORPHOUS SILICA AND SI/SIO2 INTERFACES 

Silicon is ubiquitous in microelectronic devices and ultra-large integrated circuits 

(ULSIs); silicon dioxide (SiO2, silica), in particular the amorphous phase, was used as 

the gate oxide for decades. The most stable crystalline phase at ambient conditions is 

α-quartz (space group P3221). There are three other ambient pressure, high 

temperature phases: β-quartz (P6222), β-tridymite (P63/mmc) and β-cristobalite (Fd 3 m). 

The phase transition temperatures are 846K, 1143K and 1743K, respectively; β-

cristobalite melts at 2023K. Silica crystallizes into two crystalline polymorphs at higher 

pressures: coesite (C2/c) above 2 GPa and stishovite (P42/mnm) above 9 GPa.52, 53 The 

α-cristobalite (P41212) phase is metastable relative to α-quartz but is lower in energy 

than all high temperature and high pressure phases. 

Recently Yu et al. developed a COMB potential that allows dynamic charge 

equilibration for Si/SiO2 systems12 (referred to as COMB07 hereafter). While COMB07 

does a good job of describing the phase order among silica polymorphs and includes a 

variable charge scheme, the elastic constants of various silica phases were poor, and 

amorphous silica was not well-described. In this work, therefore, a second-generation 

form of this potential (referred to as COMB10 hereafter) that includes a modified 

functional formalism for the potential and a new parameterization is developed. The 

details of COMB10 potential are described in Section 2.2. COMB10 is applied to both 

Si/SiO2 interfacial systems and amorphous silica; it not only describes the phase order, 

structural properties, and mechanical properties of the various silica polymorphs, but it 

also does a good job of describing amorphous silica, atomic oxygen adsorption 
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energies, and Si/SiO2 interfaces. The developed COMB10 Si/SiO2 potential is also 

applied to investigate the properties of Si nanocrystals embedded in amorphous silica 

and to carry out large scale nanoindentation simulations of Si/SiO2 systems, including α-

quartz and amorphous silica. 

This work is only made possible with the contribution from and helpful discussions 

with numerous researchers. Bryce Devine not only assisted tremendously in the 

development and implementation of the parameter fitting and property analysis 

subroutines, but also determined the oxygen parameters that describe O-O interactions. 

Jeffery Hawkins and Aravind Asthagiri contributed in the first-principles calculations of 

atomic oxygen adsorption energies, and Kai Nordlund and Flyura Djurabekova supplied 

the Si nanocrystals embedded in amorphous silica structures. Scott Warren assisted in 

writing a program that generates various geometries of indenters used in 

nanoindentation simulations. In addition, the author also gratefully acknowledges the 

contributions of Kai Nordlund and Flyura Djurabekova for supplying the amorphous 

silica structures used in finalizing the parameter set. 

3.1 Potential Development and Properties of SiO2 Polymorphs 

For the COMB10 Si/SiO2 potential, the short range parameters for Si are the same 

as the Tersoff potential for Si.9 The author, with assistance from Devine, determined the 

O-O and Si-O interaction parameters; the parameterization is given in Table A-1. Table 

3-1 compares the properties of α-quartz  and α-cristobalite phases calculated with the 

COMB10 potential with experimental data and DFT (with Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation functional54) results, COMB07 predictions, and values 

obtained using two other empirical potentials, TTAM55 and BKS.56 The properties given 

by COMB10 for α-quartz are fitted, while those for α-cristobalite are predicted. The table 
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indicates that COMB10 reproduces the structural and mechanical properties of α-quartz 

reasonably well compared to the TTAM and BKS potentials, while showing substantial 

improvement over the COMB07 potential.  Although the predicted properties of α-

cristobalite show deviations from the experimental values, COMB10 predicts properties 

with better materials fidelity than COMB07.   

The unreasonably large elastic constants for both α-quartz and α-cristobalite given 

by COMB07 resulted from the strong coefficients, 4.5 eV and 9.5 eV respectively, on 

the Si-O-Si and O-Si-O bond bending terms (Section 2.2.4.1, Equations 2-39, 2-40) and 

from the strong (20 eV) additional short range repulsion (Section 2.2.4.3, Equation 2-

43). Strong penalization for the deviation of the above bonds from the ideal bond 

lengths and bond angles (those in α-quartz) was necessary for COMB07 to reproduce 

the correct phase order for silica polymorphs, though at the expense of elastic 

constants. The bond bending terms in COMB10 are significantly weaker, 2.6 eV and 

0.31 eV respectively, than in COMB07. Additionally, describing the Coulombic 

interactions with integrals over spherical charge densities provided enough repulsion 

between charged atoms (Section 2.2.2, Equations 2-35, 2-36); as a result no additional 

short range repulsion is needed for COMB10. In turn, this leads to elastic constants that 

are much closer to experimental values than COMB07. It should be noted that other 

parameter sets we considered reproduced the elastic properties of α-cristobalite better 

than those given in the COMB10 column in Table 3-1; however, they were inferior for 

other polymorphs, in some cases to the point of giving an incorrect phase order. 

Table 3-2 gives the phase order of silica polymorphs by quantifying the cohesive 

energy of α-quartz and six other polymorphs relative to α-quartz (in units of eV/SiO2 
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unit) as calculated with COMB10 and COMB07, and as obtained from experiments, first 

principles calculations, and from other empirical potentials. The table shows that 

COMB10 gives the correct phase order for two high-temperature phases: β-quartz and 

β-tridymite relative to the ground state structure α-quartz. However, the third high 

temperature phase, β-cristobalite, is predicted to have a lower energy than β-tridymite 

by COMB10, which contradicts DFT literature values. Nevertheless, COMB10 correctly 

predicts the α-cristobalite phase to be the next most stable phase after α-quartz, and 

the right phase order for the high pressure phases. The significant overestimation in the 

cohesive energy of stishovite results from the bond-bending terms in the potential, since 

stishovite has 6-fold coordinated Si atoms and the Si-O-Si and O-Si-O bond angles are 

substantially different from all the other polymorphs considered. The finite-temperature 

properties are also of great interest to materials scientists. The COMB10 potential 

predicts the thermal-expansion coefficients of α-quartz in the a and c directions to be 

8.8×10-6 K-1 and 15.0×10-6 K-1, respectively; both are within +13% of the experimental 

values.57 This is a reasonable prediction since the fitted bulk modulus of α-quartz from 

COMB10 is approximately larger than the experimental value by a factor of two. 

3.2 Properties of Amorphous Silica and its Defect Formation Energies 

A physically appropriate description of amorphous silica is also extremely 

important for the atomistic modeling of microelectronic devices and ULSIs. COMB07 

was not able to describe amorphous silica – the obtained high-temperature amorphous 

silica melt re-crystallizes to α-quartz upon cooling due to strong bond angle 

penalization. In this work, we use the developed COMB10 potential for Si/SiO2 to obtain 

amorphous silica and investigate its defect formation energies. 
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3.2.1 Structural Properties of Amorphous Silica 

To obtain amorphous silica, β-cristobalite is heated from 300 K up to 3000 K for 

100 ps with a constant-temperature and constant-pressure ensemble, allowing the 

simulation box size and shape to change. The silica melt is then maintained at 3000 K 

at a constant box volume for 100 ps to ensure complete melting. The silica melt is then 

quenched (using a damped force minimization method) followed by annealing at 300 K 

for 50 ps allowing the cell size and symmetry to relax. The final density and cohesive 

energy of the amorphous silica thus obtained are 2.458 g/cm3 and -20.50 eV/SiO2; the 

average charge on the Si and O atoms are +2.898 and -1.449, respectively. 

The averaged values of the Si-O bond length, O-O distance in a particular SiO4 

tetrahedral unit, and O-Si-O bond angle thus obtained are 1.63 Å, 2.71 Å, and 107.2º, 

respectively. These are in fair agreement with the experimental58 values of 1.6 Å, 2.6 Å, 

and 109.28º.  COMB10 predicts a very wide distribution of Si-O-Si bond angles (110º – 

160º), with an average value of 135.4º; experiments yield angles in the range 130º - 

160º, with an average value of 144º.59 The radial distribution function and bond angle 

distribution of the amorphous silica is shown in Figure 3-2. 

3.2.2 Point Defect Formation Energies of Amorphous Silica 

Table 3-3 compares the defect energies of the cation and anion vacancies and 

interstitials of amorphous silica calculated with COMB10 to DFT-LDA results.60, 61 The 

defect formation energies are calculated in the same way as in Shan [13]. These defect 

formation energies are not part of the fitting set of physical properties, but are 

predictions. The table indicates that the defect formation energies for a Si interstitial and 

an O vacancy from the COMB10 potential are slightly larger than those from the DFT 

calculations, while the formation energies of a Si vacancy and an O interstitial are 
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significantly overestimated. Nevertheless, the general trend of the defect formation 

energies is captured, and the oxygen interstitial is predicted to have the smallest 

formation energy, which is consistent with the results of the DFT calculations.  Also 

shown are the estimated defect formation energies of Schottky defects, and cation and 

anion Frenkel pairs. These results indicate that the energy required to create a Schottky 

defect is approximately the same as that of one Si and two O vacancies added together. 

Likewise, the formation energies of the cation and anion Frenkel pairs are very close to 

the sum of their constituent point defects, indicating negligible association energies of 

vacancy and interstitial point defects. 

3.3 Atomic Oxygen Adsorption Energies on Reconstructed Si (001) Surface 

The adsorption of oxygen atoms and molecules on Si surfaces plays a crucial role 

to the Si oxidation processes. To evaluate the ability of the COMB10 potential to 

describe the energetics of oxygen adsorption, we characterize the adsorption energies 

of atomic oxygen on a 2 × 1 reconstructed Si (001) surface with DFT calculations and 

MD simulations using COMB10 potential. The DFT calculations are performed using the 

Vienna ab initio simulation package (VASP).62  We use the projector augmented wave 

(PAW) pseudopotentials63, 64 provided in the VASP  database.  Calculations have been 

done using the generalized gradient approximation65 Perdew-Burke-Ernzerhof (GGA-

PBE) exchange-correlation functional54 including spin polarization. A plane-wave 

expansion with a cutoff of 400 eV is used, and the total-energy calculations are done 

using a block Davidson iteration method for electronic relaxations, accelerated using 

Methfessel-Paxton66 Fermi-level smearing with a Gaussian width of 0.2 eV. The 

positions of the atoms are relaxed until the forces on all unconstrained atoms are less 

than 0.03 eV/Å.  All calculations performed on an eight-layer slab with a 2×2 surface 
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unit cell. The adsorbed O atoms and the top five Si layers are permitted to fully relax 

while the lower three Si layers are held fixed.  A vacuum region of ~12 Å ensures that 

the slab does not interact with its periodic image in the surface-normal direction. We use 

a 6×6×1 Monkhorst-Pack k-point mesh.67 We have tested larger plane wave cutoffs and 

slab thickness to confirm convergence of the DFT adsorption energies. The lattice 

parameter for Si is found to be 5.469 Å using DFT versus an experimental value of 5.43 

Å. The DFT calculations are done with spin polarization and the minima can take on 

singlet or triplet configurations and we have explored both spin states for all the 

adsorption sites. The COMB potential formalism is not able to produce information on 

the spin states of the minima and we focus only on the adsorption energies. The DFT 

results are in good agreement to earlier B3LYP DFT cluster studies of O adsorption on 

Si(001).68, 69  

The MD simulations are carried out with the COMB10 potential as implemented in 

the LAMMPS50 program.  The Si supercell, whose size is ~ 30 Å × 30 Å × 15 Å with a 

vacuum space of 25 Å in the [001] direction, consists of 768 atoms and two free 

surfaces. 16 O atoms are adsorbed on each Si surface that results a 0.5 monolayer 

surface coverage. For purposes of comparison, the surfaces are quenched (force and 

energy minimized) and then equilibrated with charge equilibration at a constant 

temperature of 0.1K for at least 1ps until minimal fluctuation in total energy is observed.  

The adsorption energies, Eads, are calculated in the standard manner: Eads = (ESi + 

EO) – ESi-O  , where ESi, EO and ESi-O are the energies of the isolated Si surface, O 

atoms, and Si surface with O atoms adsorbed, respectively; the results are shown in 

Table 3-4 where we have reported the most favored O configuration at the atop, bridge, 
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and backbond sites.  It is seen from DFT-PBE calculations that the atop and backbond 

adsorption sites have the smallest and largest adsorption energies, respectively, 

indicating that the atop site is the least favorable adsorption site on the 2 × 1 

reconstructed Si (001) surface, while the backbond site is the most favorable; the bridge 

site has an intermediate adsorption energy. Adsorption energies from MD simulations 

using COMB10 potential are comparable to DFT calculations, with a difference of less 

than 6% even in the largest case; these differences are shown in parentheses.  

Figure 3-3 shows the relaxed structures of oxygen atoms adsorbed at the atop 

site, the bridge site and the backbond site, from left to right respectively, on the Si (001) 

surface from (a) DFT-PBE calculations and (b) the COMB10 potential. Atomic charges 

from DFT calculations are Bader70 charges. Although the charges of the adsorbed O 

from COMB10 potential are only ~65% of that from DFT calculations, the COMB10 

potential is capable of predicting the change in the distribution of atomic charges when 

an O atom is adsorbed on the Si surface in a quite reasonable manner. The average Si-

O bond length between the adsorbed O and the neighboring Si atoms for the atop, 

bridge and backbond sites obtained from DFT-PBE calculations are 1.337 Å, 1.681 Å 

and 1.535 Å, respectively, compared to 1.478 Å, 1.727 Å and 1.665 Å, obtained from 

MD simulations. It is seen that not only the adsorption energies from COMB10 

correspond well with DFT calculations, but also the predicted structures are reasonably 

comparable. A systematic investigation of the adsorption energies of molecular oxygen 

on the Si surfaces is reserved for a future study. 
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3.4 Si/SiO2 Interfaces 

3.4.1 Si/α-Quartz Interface 

The performance of silicon based electronic devices such as MOS/CMOS field 

effect transistors is known to be significantly affected by the Si/SiO2 interface. 

Computational studies of such interface mostly rely on DFT calculations or MD 

simulations with empirical potentials such as BKS56, TTAM55 and ReaxFF.11 While 

accurate, DFT calculations are computationally expensive and are limited to systems 

with less than several hundred to a few thousand atoms; it is therefore difficult to 

exclude unrealistic mechanical forces and/or polarization. Compared to fixed charge 

empirical potentials (BKS, TTAM), variable charge potentials allow the adjustment of 

atomic charges in a response to changing atomic environment, such as across an 

interface. 

To characterize the ability of COMB10 potential to model a Si/SiO2 interface, we 

applied the potential to study the Si(010)/α-quartz(010) interface. The interfacial system 

consists of a Si slab and an α-quartz slab both made of 10 ×5×10 unstrained 

conventional unit cells. To make the interface fully coherent, initial -8.3% and -2.3% 

strains are applied to the [100] and [001] directions, respectively, to the Si slab. To find 

the most stable configuration of the interface with the lowest energy, the O-terminated 

α-quartz slab is shifted by an integer number (0, 1, 2, 3) ¼ of the lattice parameters with 

respect to the Si slab in both [100] and [001] directions, resulting in a total of 16 different 

interfacial configurations. Force and energy minimization is carried out on these 

configurations while simultaneously allowing the atoms to move, charges to vary, and 

the simulation box size to change. The interfacial configuration with the lowest energy is 

shown in Figure 3-4 (a) and (b) as  snapshots of the interfacial structure after 
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force/energy minimization viewing along [100] and [001] directions, respectively, and 

color coded by the coordination number (black = 2-fold, white = 4-fold). 

The interface stays coherent and contains Si coordination defects – half of the 

interfacial Si atoms are two-fold coordinated and the other half is four-fold coordinated, 

while all O atoms are two-fold coordinated. Comparing to other minimized 

configurations, this has the least number of coordination defects, thus making the 

interface most energetically favorable. The Si and α-quartz slabs are bonded through 

Si-O bonds at the interface, with every two interfacial O atoms bonded to one interfacial 

Si atom. The interfacial Si-O bond length averaged to be 1.89 Å, which is ~15% larger 

than that of the bulk α-quartz. The minimized box sizes in [100] and [001] directions 

correspond to a slightly contracted Si slab and a slightly expanded α-quartz slab 

compared to the equilibrium lattice parameters. The Si slab is contracted -6.8% and -

1.5% in [100] and [001] directions, while the α-quartz slab is expanded +1.6% and 

+0.8% in [100] and [001] directions. 

The minimized interface is then heated at constant pressure, allowing the box size 

to change, with the temperature gradually brought up to 500K in 12 ps, followed by 

another 8 ps of equilibration at 300K. The snapshots of the final equilibrated interfacial 

system at 300K are shown in Figure 3-5 (a) and (b), viewing along the [100] and [001] 

directions, respectively, and are color coded by the atomic charges with charge values 

indicated by the color bar (white is positive, gray is neutral and black is negative). The 

equilibrated interfacial system has an average Si-O bond length of 1.80 Å, and the 

number of Si-O bonds also increases, with every three O atoms at the interface bonded 

to two interfacial Si atoms - both indicating a stronger bonding between the two slabs. 
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The coordination defects at the interface after equilibration have changed from under-

coordinated Si atoms to over-coordinated O defects. The interfacial Si atoms are all 

four-fold coordinated, while two of the three interfacial O atoms are three-fold 

coordinated; these over-coordinated O atoms have two shorter-than-average and one 

longer-than-average Si-O bonds. The distribution of charges of Si and O atoms across 

the Si/α–quartz are illustrated in Figure 3-6. The atoms further away from the interface 

in α–quartz and Si slabs have normal bulk atomic charges, while the interfacial Si and O 

atoms have intermediate and more negative charges, respectively. The charge 

distribution at the interface indicates the donation of electrons from Si atoms to O atoms 

forming strong Si-O bonds. 

3.4.2 Si Nanocrystals Embedded in Amorphous Silica 

Si/SiO2 systems and interfaces are widely used in modern optoelectronic 

industries, particularly systems such as Si quantum dots (nanocrystals) embedded in 

amorphous silica matrix. These structures are formed by ion beam implantation of Si 

ions into amorphous silica separating the SiO2 phase into small Si nanocrystals with 

diameters dependent upon post-implantation annealing temperatures.71 The optical 

properties and the nature of the optical responses of these systems are believed to 

arise either from the splitting of the energy levels of the Si nanocrystals due to the 

quantum confinement effect72, 73 or from the radiative recombination centers for excitons 

at the Si nanocrystals and amorphous silica interfaces74-76, in particular double Si=O 

(silanone) bonds.75  

In this work, therefore, we apply the developed COMB10 Si/SiO2 potential to 

examine the structure of Si nanocrystals embedded in an amorphous silica matrix 

(SiNC/a-SiO2). The potential is not able to reproduce quantum confinement effects; 
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nevertheless it is able to investigate the interfacial properties and the charge distribution 

of the system. The SiNC/a-SiO2 structures were provided by Flyura Djurabekova and 

Kai Nordlund.77 Basically the structures are built first by the amorphization of α-quartz 

crystal structure with high energy primary knock-on atoms method to create amorphous 

silica matrix, followed by carving a spherical hole out of the matrix and replacing the 

void with crystalline Si spheres. The system is equilibrated with the COMB10 potential, 

and a snapshot after equilibration is given in Figure 3-7. The simulations predict that 

interfacial Si atoms have charges around +1.5e, which is intermediate between neutral 

charged Si atoms in the Si crystal and +2.9e charged Si atoms in a-SiO2. Silanone 

bonds can be found at the Si/SiO2 interfaces, shown in Figure 3-8, identified by a 

shorter Si-O bond length and larger fractional charges on the Si and O atoms. Initial 

results indicate the ability of COMB10 potential to be applied to such SiNC/a-SiO2 

systems, and further in-depth investigation is required to draw conclusions of the 

properties of Si nanocrystals embedded in amorphous silica matrixes. 

3.5 Nanoindentation of Si/SiO2 Systems 

Indentation testing is one of the most commonly applied methods of probing the 

mechanical properties of materials.78-84 In such a test, a hard tip, also known as an 

indenter, with known mechanical properties, is pressed with an applied load into a 

sample whose mechanical properties are unknown. The load is applied, sometimes 

held, and then removed. The area of the residual indentation in the sample is measured 

to evaluate the hardness, H, by dividing the maximum load, P, by the residual 

indentation area, Ar, or 

rA

P
H 

,              (3-1) 
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while the slope of the initial portion of the unloading curve provides the stiffness S: 

dh

dP
S 

,              (3-2) 

where h is the depth of the indenter at the onset of unloading. The stiffness can be used 

to calculate the reduced modulus, Er, of the substrate with the following equation: 

A

S
Er

2


 ,              (3-3) 

where A is the contact area between the indenter and the substrate and can be 

approximated with the following equation for a spherical indenter85: 

   RA 2 ,             (3-4) 

where δ is the change in height of the surface before and after indentation. 

Nanoindentation, which is indentation testing in the submicrometer or nanometer 

range, uses loads and tip sizes ranging from several to several hundreds of μNs and 50 

to 400 nm, respectively. This hardness testing method is an important tool and is 

considered a standard, for both scientific research and materials characterization. Since 

nanoindentation tests measure the mechanical properties of volumes so small that they 

can be made defect free, it probes the fundamental processes that initiate deformation. 

This is substantial for understanding the ideal strength of materials, which is the 

strength that ideal, defect-free crystals can sustain. 

Although powerful microscopy techniques such as friction force microscopy (FFM), 

atomic force microscopy (AFM) and in-situ transmission electron microscopy (TEM) are 

capable of providing detailed images with atomic scale resolution, it is still challenging to 

interpret nanoindentation experiments at a fundamental level because of the very 

complex stress profile and atomic movements generated in the sample near the 
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indenter. Analytic models and atomistic computational simulations have been very 

helpful in playing the role of characterizing and understanding the processes underlying 

the nanoindentation response.86-92  

The mechanical properties of materials being used in microelectronic devices, 

such as oxides and carbides, at the submicron range are still not yet fully understood. 

Nanoindentation MD simulations have been applied to investigate the mechanical 

properties of these materials, including SiC,93-98 ZnO,99, Al2O3
100 and MgO,101 as well as 

that of interfaces.102 Si/SiO2 systems are widely used in electronic devices, however, to 

the best of author’s knowledge, currently no published results on MD simulations of 

nanoindentation of Si/SiO2 systems/interfaces can be found in the literature. This is 

most likely due to the limitation of an appropriate empirical potential function. Therefore, 

here we apply the developed COMB10 Si/SiO2 potentials to study the response of the 

Si/SiO2 systems/interfaces during nanoindentation simulations. 

The Si/SiO2 systems include Si/a-SiO2 and Si/α-quartz interfaces, as shown in 

Figs. 3-9 (a) and (b), respectively. The Si/SiO2 systems consist of Si and SiO2 (a-SiO2 

or α-quartz) layers with thicknesses of 27 Å and 12 Å, respectively, and the dimensions 

normal to the indentation direction are around 50 Å. The interfacial systems are pressed 

with a rigid hemi-spherical Si indenter with a 33 Å diameter of curvature at a constant 

displacement rate of 1m/s. Nanoindentation simulations are carried out at 300 K with 

Nose-Hoover thermostat20-22 applied to bottom half of the Si slab while the rest of the 

atoms are allowed to evolve without any additional constraints. 

During the constant displacement loading of the indenter into the Si/SiO2 systems, 

the total load reflected to the indenter is recorded as a function of the displacement of 
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the indenter. The load-displacement curves are shown in Figs. 3-10 (a) and (b) for Si/a-

SiO2 and Si/α-quartz interfaces, respectively, and it is seen that the loading stage 

resulted in plastic deformation to the Si/SiO2 systems. The hardness and reduced 

modulus of the Si/SiO2 systems from this nanoindentation tests are given in Table 3-5. 

The Si/α-quartz interfacial system has a larger hardness and reduced modulus than that 

of the Si/a-SiO2 system, which is consistent with experimental findings conducted to 

pure α-quartz and a-SiO2 substrates.80 

3.6 Summary 

This new COMB10 potential captures many of the physical properties of silica 

polymorphs and amorphous silica; it can also be applied to model Si/SiO2 interfacial 

systems, including the properties of Si quantum dots embedded in amorphous silica and 

mechanical testing by means of nanoindentation of Si/SiO2 systems. It should be noted 

that TTAM and BKS potentials do an overall better job than COMB10 in describing the 

properties of several SiO2 polymorphs. However, they are unable to consider either 

pure silicon or Si/SiO2 interfaces. Thus, the COMB10 potential for Si/SiO2 should prove 

to be a useful new tool for the computational toolbox and an effective method for 

carrying out large-scale atomistic simulations of systems of technological importance. 
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Table 3-1.  Comparison of the properties of α-quartz and α-cristobalite calculated by the 
COMB10 potential with values obtained from experiments, first-principles 
calculations (in parentheses), COMB07 and two other empirical potentials 
(TTAM and BKS) 

α-quartz 

Properties Expt. (DFT) COMB10 COMB07 12 TTAM 55 BKS 56 
a0 (Å) 4.916 4.856 4.978 5.02 4.94 
c0 (Å) 5.405 5.316 5.307 5.55 5.45 

E
c
 (eV/SiO

2
) -19.23 

(-22.81) 
-20.63 -19.40 -17.85 

 
B (GPa) 39 64 134 33 41 
G (Gpa) 47 39 116 36 45 
C

11
 (GPa) 87 99 238 71 91 

C
12

 (GPa) 7 5 61 9 8 

C
13

 (GPa) 13 38 91 12 15 

C
14

 (GPa) -18 -10 0.7 -14 -18 

C
33

 (GPa) 107 111 242 91 107 

C
44

 (GPa) 58 42 167 40 50 

q 
Si 

(e) (4.0) 2.92 1.70 2.4 2.4 

α-cristobalite 
Properties Expt. COMB10 COMB07 12 TTAM 103 BKS 103 
a0 (Å) 4.98 5.02 4.94 

  
c0 (Å) 6.94 6.94 6.71 

  
E

c
 (eV/SiO

2
) -19.20 -20.57 -19.15 

  
C

11
 (GPa) 59 137 454 48 65 

C
12

 (GPa) 4 18 27 6 7 

C
13

 (GPa) -4 43 62 -4 -1 

C
33

 (GPa) 42 118 396 35 38 

C
44

 (GPa) 67 55 186 58 70 

C
66

 (GPa) 26 29 149 20 28 

q 
Si 

(e)  2.89 1.75 
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Table 3-2.  Cohesive energy of α-quartz (in units of eV/SiO2 unit) and of six polymorphs 
relative to α-quartz calculated with the COMB10 potential. The values are 
compared to published results from experiments, first principles calculations 
and other empirical potentials. 

(eV/atom) Exp COMB 
10 

DFT 104 COMB 
07 12 

TTAM 
55 

ReaxFF 11 Yasukawa 25 

α-Quartz -19.23 -20.63 -25.964 -19.33 -22.2  -19.275 
β-Quartz +0.051 +0.108 +0.026 +0.237 +0.073  -0.03 
β-Tridymite  +0.635 +0.034 +0.615 +0.258 -0.018 +0.00 
β-Cristobalite +0.054 +0.500 +0.060 +0.582 +0.213  -0.765 
α-Cristobalite +0.03 +0.049 +0.025 +0.036 +0.186 +0.003 -2.865 
Coesite +0.03 +0.082 +0.012 +0.267  +0.018  
Stishovite  +1.196 +0.104   +0.837  

 

Table 3-3.  Defect formation energies in amorphous silica predicted with the COMB10 
potential compared with those from published DFT calculations 

Defect DFT (eV) 60 DFT (eV) 61 COMB10 (eV) 

Si vacancy 5.69 4.78 16.51 

Si interstitial 12.84 14.07 18.05 

O vacancy 6.20 5.71 7.07 

O interstitial 1.86 1.56 5.44 

Schottky -- -- 31.54 

Cation Frenkel -- -- 34.02 

Anion Frenkel -- -- 11.25 

 

Table 3-4.  Atomic oxygen adsorption energies (eV) at three different adsorption sites 
on a 2 × 1 reconstructed Si (001) surface from DFT-PBE calculations and 
COMB10 potential. 

 Atop Bridge Backbond 

DFT-PBE 5.42 6.35 6.48 
COMB10 5.71 (+5.3%) 6.10 (-3.9%) 6.24 (-3.7%) 

 

Table 3-5.  Hardness and reduced modulus of Si/α-quartz and Si/a-SiO2 systems 
obtained from nanoindentation simulations using COMB Si/SiO2 potential 
developed in this work compared to experimental values. 

Type of SiO2 layer H (GPa) Er (GPa) 

α-Quartz 45.1 (~105 a) 221.0 (125 a) 
Amorphous silica 34.0 (~80 a) 202.6 (71 a) 
a Ref. [80] 
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Figure 3-1.  The cohesive energy, in units of eV/SiO2 unit, as a function of unit volume 

curves for SiO2 polymorphs from COMB Si/SiO2 potential developed in this 
work. 
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A 

 

B 

 
Figure 3-2.  Amorphous silica obtained using COMB10 Si/SiO2 potential developed in 

this work. A) Radial distribution function. B) Bond angle distribution. 

   

Separation, r (Å) 
 

O-Si-O and Si-O-Si bond angles (°) 
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A 

   

B 

           

 
Figure 3-3.  The final relaxed structures of oxygen atoms adsorbed at the atop site, 

bridge site and backbond site, from left to right respectively, on a 2 × 1 
reconstructed Si (001) surface from A) DFT-PBE calculations, and B) MD 
using the COMB10 potential. Larger atoms are Si and the smaller ones are O; 
atoms are gray-scale color coded by the charges with the color bar indicating 
the charge values. 
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B 

 

 
Figure 3-4.  Snapshots of the Si and α–quartz interfacial structure after force and energy 

minimization, viewing along A) [100] and B) [001] directions.  Larger spheres 
are Si atoms, smaller ones are O atoms. The atoms are gray-scale color 
coded by the coordination number, with black and white being two and four-
fold coordinated, respectively. 
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B 

 

 
Figure 3-5.  Snapshots of the Si and α–quartz interfacial structure after equilibrating at 

300K for 20ps, viewing along A) [100], and B) [001] directions. Larger spheres 
are Si atoms, smaller ones are O atoms. The atoms are gray-scale color 
coded by the atomic charges, with the charge values indicated by the color 
bar. 
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Figure 3-6.  The distribution of charges of Si (red crosses) and O (blue X’s) atoms 

across the Si/α–quartz interface.  

 

  

Length in Y-direction (Å) 
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Figure 3-7.  Snapshot of a Si nanocrystal, 6 nm in diameter, embedded in a-SiO2 matrix 

from MD simulations using COMB Si/SiO2 potential. Atoms are color coded by 
the charges indicated by the color bar (red=positive, cyan=neutral, 
blue=negative). 
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Figure 3-8.  Silanone bonds found at the Si/SiO2 interface of the Si nanocrystal 

embedded in a-SiO2 matrix. Atoms are color coded by the charges indicated 
by the same color bar as Figure 3-6. 
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Figure 3-9.  Snapshots of A) Si/a-SiO2 and B) Si/α-quartz systems from nanoindentation 
simulations using COMB Si/SiO2 potential developed in this work. 
Hemispherical rigid indenter on the top, SiO2 layer in the middle, Si slab on 
the bottom. Atoms are color coded by the charges with the same color bar.
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B 

 

 
Figure 3-10.  Load-displacement curves of A) Si/a-SiO2 and B) Si/α-quartz systems from 

nanoindentation simulations. Loading and unloading rates are 1 m/s; loading 
curves shown in red, unloading curves shown in blue.  
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CHAPTER 4 
DEVELOPMENT OF COMB CU/CU2O POTENTIAL AND ITS APPLICATION TO 

CU/SIO2 INTERFACES 

Interfaces between metals and oxides are important because of their ubiquitous 

presence in numerous materials structures, including microelectronic devices. Copper, 

one of the most used interconnect material in silicon-based microelectronics and related 

devices, has low electrical resistivity and high electromigration resistance.105, 106 It has 

been reported that high purity Cu films bind well to the silica substrates if there are no 

hydroxyl groups at the Cu/SiO2 interface.107, 108 A major issue, however, is the 

interaction between Cu and SiO2 at the interface; this interaction can lead to the 

formation of oxidized Cu leading to the diffusion of Cu ions through the SiO2 layer, 

which results in the degradation of the dielectric layer.109, 110  

Computational studies of Cu/SiO2 interfaces using first-principles density 

functional theory (DFT) calculations have provided valuable insights into the structure 

and energetics of these interfaces. For example, Nagao et al.108 characterized the 

structural, electronic, and adhesive properties of interfaces between fcc Cu (001) and α-

cristobalite (001) with different types of interface terminations3, 4, and predicted that 

adhesion at the Cu/SiO2 interface is the strongest in the most oxygen-rich case. The 

calculated adhesion energy was consistent with the value obtained experimentally by 

Kriese et al. 111 through nanoindentation experiments and Pang et al. 112 through 

delamination experiments.  

The work reported in this chapter utilizes classical atomistic simulations with 

combined COMB potentials for Si/SiO2
16 and Cu/Cu2O

17 to examine the Cu (001)/α-

cristobalite (001) (referred as Cu/α-C), Cu (001)/α-quartz (010) (referred as Cu/α-Q) and 

Cu (001)/amorphous silica (referred as Cu/a-SiO2) interfaces. The potentials for Si/SiO2 
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and Cu/Cu2O follow the COMB10 formalism, discussed fully in Section 2.2. These 

simulations allow us to extract the structural and adhesive properties, and charge 

transfer across the interface. The fidelity of the MD simulations and COMB potentials 

are validated against the results of DFT calculations or experimental values for the 

cases where they are available. 

4.1 Potential Development and Properties of Cu and Cu2O 

The parameterization of the Cu2O and Si-Cu interactions considered both the 

adhesion energies of Cu/α-C interfaces and Cu2O bulk properties. The Si-Cu mixing 

scaling factors, shown in Table A-2, are only applied to Si-Cu bonds when the Si atom 

is also bonded to an O atom; the scaling factors are set to 1.0 for all other Si-Cu bonds. 

However, Cu-O scaling factors are applied to Cu-O bonds regardless of the additional 

bonding of the Cu atom. The properties of Cu2O from the COMB potential compared to 

experimental and first-principles calculations are given in Table 4-1. It is seen the lattice 

parameter of Cu2O with this potential shows a ~3% deviation from first-principles 

calculations but the cohesive energy is well reproduced. Some other sets of parameters 

and mixing rule scaling factors actually give better Cu2O properties than the set given in 

Table A-1; however these parameters and scaling factors give worse adhesion energy 

for Cu/α-C interfaces. The properties of Cu and SiO2 from the COMB potentials can be 

found in Yu [40] and Shan [16] (also Chapter 3), respectively. 

4.2 Adhesion of Cu/SiO2 interfaces 

4.2.1 Adhesion of Cu/α-cristobalite Interfaces 

To provide reference results against which to compare the results of our atomistic 

simulations, we perform first-principles density-functional theory calculations of the 

Cu/α-C interfaces within the generalized-gradient approximation (GGA),65 using the 
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Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional,54 as implemented 

within the Vienna ab initio simulation package (VASP).62 We use plane-wave basis sets 

with a 500 eV energy cutoff, and projector augmented-wave (PAW) pseudopotentials63, 

64 for Si, O, Cu and H. The convergence criteria are set at 1.0×10-4 eV and 0.01 eV∙Å-1 

for energies and forces, respectively. We also make use of a Fermi-distribution66 

smearing with a temperature of kBT ~ 0.2 eV. For purposes of comparison, we also 

carry out local density approximation (LDA) calculations with a 394 eV energy cutoff, 

and used ultrasoft pseudopotentials for Si, Cu and H, and PAW potentials for O. The 

rest of the computational setups are kept the same as in the GGA calculations. To 

enable us to make a comparison with the work of Nagao et al.108, we examine the same 

fcc Cu (001)/α-cristobalite (001) interface that they considered in their work. 

For DFT calculations, the α-cristobalite slab consists of nine SiO2 layers in the 

[001] direction with a 2×2 surface unit cell. The dangling O atoms at the bottom are 

hydrogen-terminated and are fixed at their bulk positions to reduce size effects, while all 

other atoms are allowed to fully relax. The Cu slab consists of six (001) layers with a 

2×2 surface unit cell, whose orientation is rotated 45°about the [001] axis so that the 

lattice parameter of the 2×2 α-cristobalite slab is well matched to that of the 2√2×2√2 Cu 

slab. The number of O atoms at the Cu/α-C interface is varied to mimic oxygen-rich or 

oxygen-lean conditions, which results in three types of Cu/α-C interfaces: OO-

terminated (Cu/α-C:OO), O-terminated (Cu/α-C:O) and Si-terminated (Cu/α-C:Si) 

interfaces. The overall thickness of the Cu/α-C interfacial system is ~27 Å. The 

Monkhorst-Pack k-point mesh67 is 4×4×1 for the 9.92 Å×9.92 Å×45 Å supercell (with an 

18 Å vacuum region to prevent interacting with its own periodic image). The relaxed 
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structures of the Cu/α-C:OO, Cu/α-C:O, and Cu/α-C:Si interfaces with GGA-PBE 

viewed along the [100] and [010] directions are shown in Figs. 4-1 (a) and (b), 

respectively, which are quite consistent with that obtained with LDA shown in Nagao 

[108].  In particular, the relaxed Cu-O and Cu-Si bond length at the interface from our 

GGA-PBE calculations are ~1.93 Å and ~2.47 Å, respectively, compared to ~1.90 Å and 

~2.40 Å, respectively from LDA.108 These differences in Cu-O and Cu-Si bond lengths 

are consistent with the general notion that LDA calculations tend to overestimate 

bonding energy compared to GGA-PBE calculations. 

The Cu/α-C interfaces for our atomistic simulations using COMB potentials are 

those used in the DFT calculations, except that the simulation cells have a larger area, 

and are thicker. Force and energy minimization are applied to find the lowest energy 

interfacial configurations for the Cu/α-C:OO, Cu/α-C:O and Cu/α-C:Si interfaces, as 

illustrated in Figs. 4-2a and 4-2b. The minimized Cu/α-C interfaces from COMB are 

strikingly similar to those obtained from our GGA-PBE calculations. The minimized Cu-

O and Cu-Si bond length at the interfaces from our atomistic simulations are ~1.86 Å 

and ~2.32 Å, respectively, which are ~5% smaller than those from GGA-PBE 

calculations. The smaller Cu-O and Cu-Si bond lengths from COMB potentials 

compared to DFT calculations come from generally smaller fitted lattice parameters for 

bulk Cu2O phase, as presented in Table 4-1 and Shan [37], and SiO2 polymorphs, as 

presented in Table 3-1 and in Shan [16]. The adhesion energy, W, is calculated from:  

AEEEW SiOCuCuSiO /)(
22 /

,                  (4-1) 

where 
2SiOE , CuE  and 

2/ SiOCuE  are the energies of the isolated SiO2 and Cu slabs and the 

Cu/α-C interfaces, respectively, and A is the surface/interface area. The calculated 
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adhesion energies are given in Table 4-2. The COMB potentials reproduce the same 

trends for the adhesion energies as the DFT calculations: oxygen-rich interface exhibits 

the strongest adhesion, followed by intermediate and oxygen-lean interfaces. These are 

consistent with the notion that Cu films bind well to oxygen-rich SiO2 substrates.107, 108 

The reason of which is more Cu-O bonds formed at the interface due to larger numbers 

of oxidized Cu atoms. The fidelity of the combined COMB potentials is thus validated 

against the results of DFT calculations, and it is shown that COMB potentials are 

adequate to model Cu/ α-C interfaces. Therefore in the following results and discussion 

we apply COMB potentials to investigate more Cu/SiO2 interfaces. 

The intermediate oxygen concentration interface, that is Cu/α-C:O, considered 

above is constructed by removing one of the four O atoms from the surface Si from the 

Cu/α-C:OO interface. In this case every surface Si is bonded to three O atoms with one 

O atom bonded to Cu. However, an alternative Cu/α-C interface with intermediate 

oxygen concentration can be constructed, which is done by removing two Cu-bonding O 

atoms from half of the surface Si atoms and not removing any oxygen atoms from the 

other half of Si surface atoms. The resulting Cu/α-C interface is illustrated in Figure 4-3, 

which can be considered as a hybrid of Cu/α-C:OO and Cu/α-C:Si interfaces. The 

calculated adhesion energy of this hybrid Cu/α-C interface from COMB potentials is 

2.122 J/m2, which is slightly smaller than the average adhesion energy of Cu/α-C:OO 

and Cu/α-C:Si interfaces, which is 2.227 J/m2. This smaller than average adhesion 

energy results from larger Cu-Si distances at the interface; in other words this hybrid 

Cu/α-C interface shows weaker Cu-Si interactions than that of the Cu/α-C:Si interface. 

Compared to the Cu/α-C:O interface, on the other hand, this alternative intermediate 
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Cu/α-C interface has a larger adhesion energy. This is indicative that this intermediate 

oxygen concentration hybrid interface is more energetically favorable than the original 

Cu/α-C:O interface, and that oxygen atoms tend to saturate the bonding between Cu 

and Si atoms at the Cu/SiO2 interface, rather than distribute themselves evenly 

throughout the interface. 

4.2.2 Adhesion of Cu/α-quartz Interfaces 

Since α-quartz is the most stable SiO2 polymorph and amorphous silica is most 

widely used in electronic devices, we also investigate the properties of fcc Cu (001)/α-Q 

(010) and fcc Cu (001)/a-SiO2 interfaces and predict the adhesion energies with the 

COMB potentials. We create four types of Cu/α-Q interfaces based on different interface 

terminations, OO-, O- type I, O- type II, and Si- terminations. The OO-terminated 

interface has surface O atoms bonded to Si and Cu atoms. Two types of O-terminated 

interfaces are considered: type I and type II, which are constructed by removing one of 

the two Wyckoff positions occupied by O atoms. The Si-terminated interface has half 

surface Si atoms bonded to the Cu slab, while the other half of the Si atoms are 

dangling. Force and energy minimization are carried out to find the lowest energy 

interfacial configurations for the Cu/α-Q:OO, Cu/α-Q:O I, Cu/α-Q:O II and Cu/α-Q:Si 

interfaces, as shown in Figs. 4-4a and 4-4b. The minimized Cu-O and Cu-Si bond 

lengths at the interfaces from our MD simulations are ~1.91 Å and ~2.55 Å, 

respectively, approximately 3-9% longer than those of the Cu/α-C interfaces. The 

predicted adhesion energies are given in Table 4-3. The longer Cu-O and Cu-Si bond 

lengths are reflective of the slightly smaller adhesion energies for the Cu/α-Q:OO and 

Cu/α-Q:Si interfaces compared to the Cu/α-C:OO and Cu/α-C:Si interfaces. However, 

both type I and type II Cu/α-Q:O interfaces exhibit ~ 30% stronger adhesion than the 



 

81 

Cu/α-C:O interfaces. The relatively large difference in adhesion energy for the Cu/α-Q:O 

interfaces originated from larger surface energies for the O-terminated α-Q surfaces, 

averaged 2.6 J/m2, compared to that for the O-terminated α-C surface, 1.3 J/m2. Larger 

surface energies for the O-terminated α-Q surfaces indicate less stable surfaces and 

also smaller (less negative) numbers for the 
2SiOE   term used in Equation 4-1 to 

calculate adhesion energies. This is the origin of the larger adhesion energies for the 

Cu/α-Q:O interfaces. Overall, the trend for the adhesion energies is similar to the trend 

for the Cu/α-C interfaces, and is consistent with the intuition that adhesion energy 

should increase with the number of oxygen atoms at the interface. 

4.2.3 Adhesion of Cu/a-silica Interfaces 

The bulk amorphous silica used in the Cu/a-SiO2 interfaces is prepared using the 

melt-and-quench method, as discussed in Shan [16] and Chapter 3. The a-SiO2 slab is 

created from the bulk a-SiO2, equilibrated at 300K for 50ps, and then combined with the 

Cu layer, followed by another 50ps of equilibration at 300K. The equilibrated structure of 

the Cu/a-SiO2 interface is illustrated in Figure 4-5. Examining the equilibrated interfacial 

structure, we note that the interface Cu atoms are oxidized and acquire charge values 

from 0.3 e - 0.6 e. The oxidized Cu atoms and interface O atoms form a thin copper 

oxide layer with characteristics that resemble the Cu2O phase. The atomic positions of 

the second Cu layer are only slightly influenced by the O atoms and the oxidized first Cu 

layer, and the charge values range from 0.0 e - 0.1 e. From the third Cu layer inward, 

the Cu atoms retain their bulk fcc positions and are charge neutral. This indicates that 

the Cu films oxidize in contact with glass substrates but that the oxidation is limited to 

the first two Cu layers. Examining the bonding between the Cu and a-SiO2 thin films, we 
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note that the average Cu-O and Cu-Si bond lengths are ~2.04 Å and ~2.15 Å, 

respectively. We further predict that 22% of the interface Cu atoms are bonded to the 

glass substrate through Cu-O bonds, and 16% are bonded through Cu-Si bonds; the 

rest (62%) of the interface Cu atoms are not bonded to the a-SiO2. These bonding 

statistics reflect the fact that O atoms may play more important roles than Si atoms in 

terms of bonding the Cu thin film to glass substrates. 

To investigate the effect of interfacial defects on the adhesion energy of the Cu/a-

SiO2 interface, we introduce oxygen vacancies to the interface and create three Cu/a-

SiO2 interfaces with different numbers of interfacial oxygen defects (VO): 0, 10 and 20, 

respectively; 10 and 20 oxygen vacancies at the Cu/a-SiO2 interface correspond to 

concentrations of 0.565 and 1.130 VO/nm2, respectively. Force and energy are then 

minimized with the COMB potentials to calculate the adhesion energies, which are 

given in Table 4-4, and are compared to the values from experiments.112, 113 The 

predicted adhesion energies of the Cu/a-SiO2 interface are reasonably comparable to 

the experimental values and show the same qualitative trends compared to Cu/α-C and 

Cu/α-Q interfaces. Specifically, the adhesion energies decrease significantly with 

decreased concentration of oxygen atoms at the interface. As indicated in Table 4-4, the 

percentage of Cu-O bonds at the Cu/a-SiO2 interface significantly decrease with the 

introduction of oxygen vacancies (with 20 vacancies the Cu-O percentage dropped to 

11%), while that of the Cu-Si bonds slightly increase. This bonding analysis indicates 

that Cu-O bonds are the major contributor to the adhesion strength of Cu and SiO2 

substrates. This is due to the strong Coulombic attraction between oxidized Cu atoms 

and negatively charged O atoms. Additionally, although Cu-Si bonds form at the 
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interface, the ionic repulsion strongly reduces their influence on adhesive strengths. 

Table 4-5 summarizes the average Cu-O and Cu-Si bond lengths at the Cu/SiO2 

interfaces for all three types of SiO2 slabs considered. 

4.3 Charge Transfer Across the Cu/α-cristobalite and Cu/α-quartz Interfaces 

To examine charge transfer across the interface and the effect of interface 

termination on the results, we calculate the charge difference,  
22/ SiOCuSiOCu QQQQ  , 

along the interface normal direction. Here, 
2/ SiOCuQ , CuQ , and 

2SiOQ  are the distribution of 

charges of all of the atoms of the Cu/SiO2 interface system, the individual Cu layer, and 

the individual SiO2 slab, respectively. The specific Cu/SiO2 interfaces investigated are 

the Cu/α-C and Cu/α-Q interfaces. The SiO2 slab is removed from a fully relaxed, 

charge equilibrated Cu/SiO2 interface and a charge equilibration with Cu atoms fixed is 

carried out to obtain CuQ . The opposite process is carried out to obtain
2SiOQ . In other 

words, the physical meaning of the quantity Q  indicates the change in the charge 

distribution resulting from the chemical bonding between the Cu and α-cristobalite or α-

quartz slabs – an analogous analysis is found in Nagao [108]. The charge differences, 

Q , for the three original Cu/α-C interfaces are illustrated in Figure 4-6, while the 

differences for the Cu/α-Q:OO, Cu/α-Q:O type I, and Cu/α-Q:Si interfaces are shown in 

Figure 4-7. The charge difference for Cu/α-C and Cu/α-Q interfaces exhibit similar 

behaviors: the difference at the OO-terminated interface is larger than that at the other 

two interfaces, indicating the greatest charge transfer at the Cu/SiO2 interfaces, 

particularly between Cu and O atoms. The interface with the largest number of Cu-O 

bonds has the strongest adhesion. The Cu/α-C result is qualitatively consistent with 

electron density difference analysis found by DFT.108  
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4.4 Summary 

To conclude, we have applied empirical, variable charge COMB potentials for 

Si/SiO2 and Cu/Cu2O to examine the Cu/α-cristobalite, Cu/α-quartz and Cu/amorphous 

silica interfaces with different types of terminations that mimic oxygen rich conditions, 

intermediate and oxygen lean conditions, or different densities of interfacial oxygen 

defects. We also carried out DFT calculations, with both the LDA and the GGA, to 

determine the work of adhesion at Cu/α-cristobalite interfaces; results from these 

calculations were used to train the COMB potential mixing parameters. The results 

indicate that the COMB potentials reproduce the structural, adhesive, and electronic 

properties of the Cu/α-cristobalite interfaces reasonably consistently with DFT 

calculations. In addition, the predicted adhesion energies of the Cu/α-quartz interfaces 

are consistent with the notion that adhesion is strongest for oxygen rich conditions. The 

COMB potential was further applied to predict the adhesion energies of Cu/a-SiO2 

interfaces with different concentrations of interfacial oxygen vacancies. The results 

indicate that the adhesion energy decreases as the number of oxygen vacancies 

increases due to decreased Cu-O bonds. The COMB potential for Si/SiO2/Cu/Cu2O is 

shown to be adequate for carrying out variable charge MD simulations of Cu/SiO2 

interfaces, and this should pave the way for significant progress in modeling these types 

of challenging interfaces. 
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Table 4-1.  Properties of Cu2O calculated with the developed COMB potentials 
compared to that from experiments and DFT calculations. 

Properties Expt.114 DFT-PBE COMB 

a0 (Å) 4.274 4.267 4.226 

Ec (eV/Cu2O)  -11.34 -11.91 

C11 (GPa) 123 126 105 

C12 (GPa) 107 106 89 
C44 (GPa) 12 15 71 

B (Gpa) 112 113 94 

G (Gpa) 8 10 45 

qCu (e)  0.55 0.79 

 

Table 4-2.  Adhesion energies (in units of J/m2) of the fcc Cu (001)/α-cristobalite (001) 
interfaces from Ref. [K. Nagao, 108] (first DFT-LDA column), our DFT 
calculations (second DFT-LDA column and DFT-GGA column), and MD 
simulations using COMB potentials (COMB column). Cu/α-C:OO, Cu/α-C:O 
and Cu/α-C:Si denotes OO-, O- and Si- terminated Cu/α-C interfaces, 
respectively.  

Type of interface DFT-LDA 108 DFT-LDA DFT-GGA COMB 

Cu/α-C:Si 1.406 1.432 1.034 0.864 
Cu/α-C:O 1.555 1.591 1.222 1.734 
Cu/α-C:OO 3.805 3.987 3.601 3.591 

 

Table 4-3.  Adhesion energies (in units of J/m2) of the fcc Cu (001)/α-quartz (010) 
interfaces from MD simulations using COMB potentials. Cu/α-Q:Si, Cu/α-Q:O 
I, Cu/α-Q:O  II and Cu/α-Q:OO denotes Si-, O- type I, O- type II and OO- 
terminated Cu/α-Q interfaces, respectively. 

Type of interface W (J/m2) 

Cu/α-Q:Si 0.850 
Cu/α-Q:O I 2.494 
Cu/α-Q:O II 2.646 
Cu/α-Q:OO 3.472 

 

Table 4-4.  Adhesion energies (in units of J/m2) of the Cu/a-SiO2 interfaces with different 
numbers of oxygen vacancy defects from MD simulations using COMB 
potentials. Experimental adhesion energy values from the literature for Cu/a-
SiO2 interface and the bonding analysis between Cu and a-SiO2 are also 
given. 

Type of interface 
W (J/m2) Interfacial Cu bonding (%) 

Exp COMB Cu-O Cu-Si Non-bonded Cu 
Cu/a-SiO2 + 0 VO 

0.5 - 1.2 113 
0.6 - 1.4 112 

1.810 22 16 62 
Cu/a-SiO2 + 10 VO 0.629 13 18 79 
Cu/a-SiO2 + 20 VO 0.289 11 19 80 
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Table 4-5.  Average Cu-O and Cu-Si bond lengths at the Cu/SiO2 interfaces after 
equilibrated with COMB potentials. 

Type of interface Cu-O bond lengths (Å) Cu-Si bond lengths (Å) 

Cu/α-C 1.86 2.32 

Cu/α-Q 1.91 2.55 

Cu/a-SiO2 2.04 2.15 
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A 

   

B 

   

 
Figure 4-1.  Relaxed structures of the fcc Cu (001)/α-cristobalite (001) interfaces, OO-, 

O-, and Si-terminated, respectively, with DFT-PBE calculations viewing along 
A) [100] and B) [010] directions. Cu layer on the top, SiO2 layer on the bottom 
(larger spheres are Si, smaller ones are O). 
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Figure 4-2.  Minimized structures of the fcc Cu (001)/α-cristobalite (001) interfaces, OO-, 

O-, and Si-terminated, respectively, with MD simulations using the COMB 
potentials viewing along A) [100] and B) [010] directions. Cu layer on the top; 
SiO2 layer on the bottom. Atoms are color coded by the charge values 
indicated by the color bar (navy is negatively charged, cyan is charge-neutral, 
and red is positively charged). 
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Figure 4-3.  Minimized structures of an alternative intermediate oxygen concentration 

fcc Cu (001)/α-cristobalite (001) interface with MD simulations using the 
COMB potentials viewing along A) [100] and B) [010] directions. Color code is 
the same as that of Figure 4-2. 
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Figure 4-4.  Minimized structures of the fcc Cu (001)/α-quartz (010) interfaces, OO-, O- 

type I, O- type II, and Si-terminated, respectively, with MD simulations using 
the COMB potentials viewing along A) [100] and B) [001] directions. Color 
code is the same as that of Figure 4-2. 
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Figure 4-5.  Minimized structures of the fcc Cu (001)/a-SiO2 + 0 VO interfaces with MD 

simulations using the COMB potentials. Color code is the same as Figure 4-2. 
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Figure 4-6.  Charge difference across the fcc Cu (001)/α-cristobalite (001) interfaces.  

The Cu slab is to the right of the interface; the SiO2 slab is to the left of the 
interface. 
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Figure 4-7.  Charge difference across the fcc Cu (001)/α-quartz (010) interfaces.  The 

Cu slab is to the right of the interface; the SiO2 slab is to the left of the 
interface. 
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CHAPTER 5 
DEVELOPMENT OF COMB HF/HFO2 POTENTIAL AND ITS APPLICATIONS TO 

AMORPHOUS HFO2 AND SI/HFO2 INTERFACES 

The continuous downsizing in the feature dimensions of microelectronic devices 

and ultra-large integrated circuits (ULSIs) dimensions has necessitated ever thinner 

dielectric oxide layers. Silica has been used as the gate oxide for decades. However it 

had to become so thin (~1 nm) that the generation of leakage current had become a 

serious problem. To overcome this limitation, oxide materials with higher dielectric 

constants have replaced silica. Of all the oxide materials explored to date, hafnium 

dioxide (HfO2, hafnia) is considered to be one of the most important because of its 

relatively high dielectric constants (typically 20-25 depending on the polymorphs),115, 116 

and high thermal stability when in contact with silicon (both semiconductor and poly-Si 

gate electrode).117 Moreover, it has been reported both experimentally and 

computationally that the incorporation of nitrogen118, 119 and fluorine120, 121 into hafnia 

films used in current devices further reduces the leakage current by passivating the 

oxygen vacancies.122  However challenges still remain. In particular, the formation of a 

low dielectric-constant hafnium silicate interfacial layer123 and the presence of oxygen 

defects at both the hafnia/silicon interface and in the hafnia film that trap electrons lead 

to a decrease of channel mobility and an instability in the threshold voltage.124, 125 

Hafnia crystallizes into three crystalline polymorphs at ambient pressure: a 

monoclinic  cP /21  phase, a tetragonal  nmcP 24 phase, and a cubic fluorite  mFm3  

phase. The monoclinic-to-tetragonal transition takes place at 2000 K, while the 

tetragonal-to-cubic transition occurs at 2900 K. The melting point of the cubic phase is 

at 3085 K.126 There are also two high-pressure phases: the orthorhombic I phase (Pbca, 
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Brookite-type structure) above 10 GPa and the orthorhombic II phase (Pnma, PbCl2-

type or cotunnite structure) above 30 GPa.127  Monoclinic hafnia has a band gap of 5.68 

eV.128 

When it comes to empirical potentials for MD simulations, currently no published 

potential predicts monoclinic hafnia to be the most stable phase or correctly describes 

the properties of hafnia polymorphs. In this work, therefore, we develop a COMB 

potential that, by design, gives the correct phase order and reasonably well reproduces 

key properties of both elemental hafnium and hafnia polymorphs. Moreover, the 

potential is compatible with the previously developed potentials for the Si/SiO2 system 

and amorphous silica,16 allowing the simulation of HfO2/Si interfaces. 

This work would have not been made possible were it not for the daily discussions 

with Bryce Devine. Travis Kemper assisted in first-principles DFT calculations of the 

elastic constants of the tetragonal hafnia phase. A senior undergraduate student, A. 

Danielle Holton ran MD simulations with the developed Hf/HfO2 potential to obtain 

amorphous hafnia (a-HfO2) and characterized its properties. A first year graduate 

student, Xuan Sun, constructed various Si/a-HfO2 systems by combining the a-HfO2 

structure with Si slabs and is currently conducting nanoindentation simulations of the 

Si/a-HfO2 systems. 

5.1 Potential Development and Properties of Hf Metal and HfO2 Phases 

5.1.1 Formalism and Fitting Procedures 

To model Hf and HfO2 with the COMB potential formalism described in full details 

in Section 2.2, several correction terms were added to the main COMB formation, which 

are described in Sections 2.2.4 with Equations 2-42, 2-44, 2-45, 2-46 and 2-47. We 

applied the multi-phase fitting method, discussed in Section 2-2, to determine the 
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parameters. A total of 8 phases were included in the fitting procedure for the COMB 

potential for Hf/HfO2: the ambient pressure monoclinic, tetragonal, and cubic phases, 

high pressure orthorhombic I (OI) and orthorhombic II (OII) phases, rutile (P42/mnm) 

and α-PbO2 (Pbcn) phases, and the pure Hf hexagonal metal phase (P63/mmc). The Hf 

metal in fcc phase was not included in the fit because the fcc-hcp energy difference is 

solely dependent upon the Legendre polynomial and can be incorporated after all the 

other parameters have been fitted. The rutile and α-PbO2 type phases do not appear in 

the phase diagram of hafnia, but some empirical potentials for AX2 system have 

predicted them to be low-energy states, or even the ground state. This has been an 

endemic problem in developing potentials for monoclinic zirconia, ZrO2.
129-131 Hence, we 

include these two phases in the fit to ensure that they are much higher in energy than 

the experimentally observed, more stable phases.   

Since the parameterization of the Iwasaki potential for Si/HfO2 was determined by 

fitting the atomic forces obtained with the potential to those obtained from first-principles 

calculations on Ge/ZrO2 or Si/HfO2 interfacial models28, 29, the potentials did not 

necessarily reproduce the structural and mechanical properties of the hafnium metal 

and hafnium oxide polymorphs – as discussed in more detail below. However, the 

parameter set from the Iwasaki potential is still a valuable guideline and is used as the 

initial guess in our fitting procedure. The detemined parameterization for the Hf/HfO2 

COMB potential is given in Table A-1. The mixing rule scaling factors for Hf-X, where X 

can be any element, are set to 1.0. 

5.1.2 Properties of Hf Metal 

Table 5-1 compares the properties of hafnium metal predicted by the COMB 

potential with values from experiments, first-principles calculations, and the Iwasaki 
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potential. Since Iwasaki did not publish these values in Iwasaki [28, 29], we 

implemented his potential in our in-house HELL code and calculated the properties with 

the published parameters. The COMB potential not only predicts the lattice constants of 

Hf better than the Iwasaki potential, but it also yields almost exact agreement with 

experimental values for the elastic constants and the bulk and shear moduli. Most 

importantly, the COMB potential gives the correct order among the different phases. In 

particular for metallic Hf, the energy difference between the hcp and fcc phases is very 

close to that calculated from DFT calculations. This is actually straightforward to 

achieve with the COMB potential since fcc and hcp phases cannot be distinguished with 

first nearest neighbor potentials without additional correction terms. Fitting the LPK 6

coefficient for the Legendre polynomial of the COMB potential gives the right hcp-to-fcc 

phase order with the exact energy difference (as discussed in Section 2.2.4.2). The 

Iwasaki potential does not contain a correction term such as that used here, and hence 

predicts zero energy difference between the fcc and hcp phases.  

With an almost exact fit to the hcp-to-fcc energy difference, the COMB potential 

also predicts the unstable stacking fault energy as 1.695 J/m2, which is very close to the 

value of 1.662 J/m2 calculated from DFT. Also shown in Table 5-1 are linear thermal 

expansion coefficients, 6.9×10-6 K-1 and 5.9×10-6 K-1, predicted from the COMB potential 

and from experiments, respectively, and the defect formation energies of Hf vacancy 

and interstitial. The COMB potential predicts the right trend and an interstitial formation 

energy that is very close to the DFT value; however, the COMB potential predicts a 

vacancy formation energy in Hf metal that is larger than that from DFT calculation by 

almost a factor of 2. This is also the case for the surface energies – COMB predicts the 
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right trend for the surface energies but the values are approximately twice as large as 

the values from the DFT calculations for some of the surfaces considered. These 

overestimations are consistent with the overestimation of the bulk cohesive energy. 

5.1.3 Properties of HfO2 Phases 

Table 5-2 compares of the properties of the monoclinic, tetragonal and cubic 

hafnia phases predicted by the COMB potential with experiment, DFT calculations and 

the Iwasaki potential. The properties from the Iwasaki potential were again calculated 

with our implementation of the potential. Using a damped force minimization (quench) 

method with the Iwasaki potential, the monoclinic phase spontaneously transforms to a 

phase that resembles the α-PbO2 type structure with a much lower cohesive energy 

than the monoclinic phase. As a result, the properties for the monoclinic phase 

predicted from the Iwasaki potential are left blank in Table 5-2. The Iwasaki potential 

predicts higher cohesive energies for the monoclinic and tetragonal phases than for the 

α-PbO2 type structure; thus these phases are metastable in the Iwasaki potential. Not 

shown in the table are the relaxed surface energies for the (111), (001) and (100) 

surfaces of the monoclinic phase: 1.07, 1.17 and 2.02 J/m2, respectively, compared to 

1.25, 1.45, and 1.79 J/m2 from a first principles study.132 

By construction, the COMB potential reproduces the phase order and elastic 

properties of the hafnia phases reasonably well. The monoclinic phase is the most 

stable structure with the COMB potential, which is in agreement with both experiments 

and DFT calculations. This is demonstrated in Figure 5-1 (a), which illustrates the 

cohesive energies as a function of unit volume (E-V curves) for various hafnia phases 

calculated from DFT with the Perdew–Burke–Ernzerhof exchange-correlation 

functional54 (DFT-PBE), and Figure 5-1 (b), which shows the corresponding data for the 
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COMB potential. As is the case in the DFT calculations, the high pressure OI phase has 

a lower energy than the tetragonal phase, and the equilibrium volume is substantially 

smaller than that of the monoclinic and tetragonal phases. The transition barrier should 

be high enough to prevent the undesired monoclinic-to-OI phase transition. 

Table 5-3 quantifies this comparison by comparing the cohesive energies of 

monoclinic, tetragonal, cubic, OI and OII hafnia phases calculated from DFT-PBE and 

the COMB potential relative to the monoclinic phase. The DFT calculations of these 

known phases from this work are in excellent agreement with the literature,133 and the 

correct phase order of the phases is again captured by the COMB potential. Also given 

in the table are the cohesive energies of the rutile and α-PbO2 type phases; the α-PbO2 

type HfO2 structure is predicted by the DFT calculations to have the second lowest 

energy even though it does not exist in nature. The reason for the absence of α-PbO2 

type phase in experiment may be attributed to the fact that large negative pressure is 

required for a monoclinic phase to transform to the α-PbO2 type, as indicated by the 

larger equilibrium volume of the α-PbO2 system illustrated in Figure 5-1 (a). The fact 

that this phase is predicted to be so low in energy could also be a short-coming of the 

DFT-PBE calculations. Although the order of the rutile and α-PbO2 type HfO2 structures 

predicted from the COMB potential is opposite to that from the DFT-PBE calculations, in 

both cases their energies are sufficiently higher than the monoclinic phase to prevent 

their occurrences in MD simulations at standard temperatures and pressures. For a 

monoclinic phase to transform to rutile/α-PbO2 type structures, negative pressure must 

be applied (which corresponds to a volume expansion), accompanied by a decrease of 

the coordination number from 7 to 6 on all Hf atoms and 3/4 to 3 on all O atoms. The 
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monoclinic-to-rutile/α-PbO2 transition was never observed in considered test cases, as 

discussed later in this section. 

The finite-temperature properties are also of significant interest. Table 5-4 gives 

the thermal expansion coefficients of the monoclinic phase hafnia calculated with the 

COMB potential, compared with those from experiments.134 The coefficients of thermal 

expansion in the a and c axes are slightly overestimated relative to the experimental 

values, while that in the b axis is in fairly good agreement. As a result, the predicted 

volumetric thermal expansion coefficient is ~30% larger than experimental values. 

We also tested the temperature dependence of the lattice parameters and axial 

angles of the monoclinic hafnia on heating and cooling using the COMB potential for 

Hf/HfO2 developed in this work. The monoclinic phase was heated from 300 K up to 

3500 K within 0.1 ns with three dimensional periodic boundary conditions applied – the 

lattice parameters gradually increase due to thermal expansion and the axial angles 

remain fairly constant. No phase transformation was predicted, while the monoclinic 

phase melted at around 3600 K. The lattice parameters and axial angles obtained from 

cooling the structure that was equilibrated at 3500 K follow the heating curves back 

down to 300 K. Since this system does not have any nucleation site for heterogeneous 

nucleation, this is not compelling evidence for the absence of a structural phase 

transition. 

To provide such a heterogeneous nucleation site, surfaces were created on the 

monoclinic phase by lifting the periodic boundary condition on the (100) direction. This 

system, in which the surfaces act a nucleation sites, transforms to the tetragonal phase 

upon heating after 2.2 ps at 2300 K. On undergoing the phase transition, the 7-fold Hf 
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atoms become fully 8-fold coordinated, while the 3-fold O atoms become 4-fold 

coordinated. This is characteristic of a transition from the monoclinic phase to a fluorite-

like phase. This transition is quantified by the change in time-averaged lattice 

parameters in a, b and c axes upon heating from 2000 K and 3000 K as illustrated in 

Figure 5-2. At 2300 K (around 8 ps) the a axis spacing decreased from 5.236 Å to 5.196 

Å while the b axis also decreased from 5.242 Å to 5.181 Å, which corresponds to the 

lattice parameter of the tetragonal phase in the a, b axis, indicating the phase transition 

(the measuring of a axis spacing takes the center-most two unit cells to exclude the 

surface effect). This phase transition is confirmed by coordination number change and 

the radial distribution function. No further phase-transition was found upon further 

heating. A similar surface/interface-enhanced tetragonal-to-monoclinic phase transition 

phenomenon has been shown in a first-principles study by Carter et al. of the α-Al2O3

)0211( /t-ZrO2 (001) interface.135  

5.1.4 Defect Formation Energies in Monoclinic HfO2 

Table 5-5 compares the formation energies for the cation and anion vacancies, 

interstitials and Frenkel pairs and the Schottky defects in the monoclinic phase of HfO2 

determined from the COMB potential with DFT results.136 The defect formation energies 

fE were calculated with the equation 
i

ii

perfdeff nEEE  , where is defE and 

perfE are the energies of defective and perfect bulk structures, respectively, 
in is the 

number of defects and 
i is the chemical potential of the defect. The chemical potential 

of a hafnium atom in both the metallic and oxide phases at 300 K was used in the 

equation to estimate hafnium-containing defects, and that of O2 molecule at the same 

temperature was used for defects that contain oxygen. The charge neutrality of the 
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system is maintained after creating the defects. For example, if we consider a Hf 

vacancy, a Hf ion, instead of a Hf atom, is deleted from the structure and it leaves its 

charges (+3.48 e) in the system. In contrast, when we create a Hf interstitial, a neutral 

Hf atom is added to the system. A cation Frenkel defect is created by introducing both 

an Hf ion vacancy and a Hf ion interstitial.  Due to the dynamic charge transfer feature 

inherent to the COMB potential, created defects are able to take on charges from the 

surrounding ions while maintaining charge neutrality over the system as a whole. 

Charges associated with interstitial defects after charge equilibration are given in 

parenthesis in Table 5-5. Two values are given for oxygen interstitials, indicating the 

incorporation of oxygen interstitials into 3- or 4- fold coordinated oxygen sites, 

respectively. Obtaining a good estimate of defect formation energies of the oxygen 

defects is particularly important since they act as charge traps and diffuse in the oxide 

as interstitials. Since the defect-formation energies were not part of the fitting set of 

physical properties, the fact that the COMB potential predicts the defect formation 

energies with fidelity similar to that of DFT can be viewed as an indication that much of 

the correct physics is being captured. 

Removing a hafnium atom from the bulk monoclinic phase results in the breaking 

of 7 Hf-O bonds; thus the energy required to form this point defect is the greatest 

among Hf/O vacancies and interstitials. Similarly, creating an oxygen vacancy requires 

breaking 3 to 4 Hf-O bonds; hence the formation energy is less than that of the hafnium 

vacancy. Hf and O interstitials require less energy to form since increasing the 

coordination number is more energetically favorable than breaking several Hf-O bonds. 

Of all the point defects, the oxygen interstitial has the smallest formation energy. Also 



 

103 

shown are the estimated defect formation energies of Schottky defects, and cation and 

anion Frenkel pairs. The energy required to create a Schottky defect is slightly larger 

than that of one Hf and two O vacancies added together. Likewise, the formation energy 

of the cation Frenkel pair is little larger than the sum of one Hf vacancy and one Hf 

interstitial defect, which indicates that the association energy of the Hf vacancy and 

interstitial defects are positive; this implies that these defects like to be far apart and 

additional energy is required to bring them close to each other. In contrast, the 

formation energy of the anion Frenkel is slightly smaller than the sum of constituent 

point defects, indicating slightly negative association energy. 

5.1.5 Properties of Amorphous HfO2 

There are various techniques for depositing hafnia films including atomic layer 

deposition (ALD),137 pulse laser deposition (PLD),138 and chemical vapor deposition 

(CVD).139 Deposited hafnia thin films are typically amorphous as deposited and 

polycrystalline after a post-deposition annealing.132 It has been reported that hafnia films 

deposited at 300 ºC by ALD are predominantly monoclinic with )111(  texture.140, 141 Due 

to their anisotropic characteristics, amorphous hafnia thin films deposited on Si 

substrates are more desired than the crystalline forms. It is therefore important for the 

developed COMB Hf/HfO2 potential to be able to obtain and describe amorphous 

hafnia. 

Working with Danielle, we apply the COMB Hf/HfO2 potential to obtain amorphous 

hafnia via the melt-and-quench method similar to that described in Section 3.3.1. The 

hafnia hot melt obtained at 5000K was quenched to 0K and equilibrated at 300K. The 

radial distribution function of the obtained amorphous hafnia at 300K is shown in Figure 
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5-3. The major peak at 2.11 Å corresponds to primary Hf-O bonds, and the peak at Å 

corresponds to the secondary Hf-O bonds. The minor peaks at 3.19 Å and 3.71 Å 

correspond to O-O and Hf-Hf bonds, respectively. More work is currently ongoing, in 

collaboration with Danielle Holton, to investigate the dielectric properties and diffusion 

coefficients of amorphous hafnia at various temperatures. 

5.2 Applications to Si/HfO2 Interfaces 

Although hafnia is an excellent material for the gate oxide dielectric, problems still 

exist; in particular the diffusion of oxygen through the hafnia layer to form a silica layer 

at the HfO2/Si interface.142, 143 The formation of this interfacial layer between hafnia and 

silicon substrates, which decreases the dielectric constant and leads to material 

deterioration, must be suppressed. In this section, we demonstrate the ability of the 

COMB potential to model the HfO2/Si interface and oxygen transport at the interface. To 

carry out this study, the Hf/HfO2 potential is implemented together with the COMB 

potential for Si/SiO2.
16 This is possible because the functional form and the oxygen 

parameters are exactly the same between the two potentials, thus allowing the oxygen 

to interact with both elements in a well-defined manner within the system. The short-

range interaction between Hf and Si follows the Lorentz-Berthelot mixing rule described 

in Equations 2-21 to 2-24, and the Hf and Si ions also interact via long range Coulombic 

interactions. For this proof-of-principle demonstration of the potential developed in this 

work, the oxygen-terminated cubic HfO2 (100)/Si (100) interface and moclinic HfO2 

(100)/Si(100) interface were chosen. 
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5.2.1 Si and Cubic HfO2 Interface 

5.2.1.1 Structural properties of the interface 

Figure 5-4 illustrates snapshots of the c-HfO2:O/Si interface at (a) its initial 

condition (since the lattice parameters of c-HfO2 and Si are fairly close, the interface is 

fully coherent with -8.1% strain applied to the Si substrate in the x and y directions), and 

(b) after 2 ps of evolution at 300 K.  Initially the c-HfO2 layer carried +3.30 e on the Hf 

atoms and -1.485 e on the O atoms. The Si substrate is neutral and the system as a 

whole is charge neutral. The interfacial Si and O atoms from the Si substrate and c-

HfO2:O, respectively, move slightly into the interface, forming Si-O bonds. As a result a 

very thin SiO2 layer with oxidized Si atoms is formed. The driving mechanism for the 

formation of the SiO2 layer may be a result of the unfavorable coordination of Si atoms 

at the interface, which are 6-fold coordinated and have relatively high energy. Once the 

small displacement between the interfacial Si and O atoms takes place to form the SiO2 

layer, the interfacial Si atoms are 4-fold coordinated, the second layer Si atoms are 3-

fold coordinated, the interfacial Hf atoms are 6-fold coordinated, and the oxygen atoms 

are 3- or 4-fold coordinated. This results in a more stable bonding environment at the 

interface than the starting structure.  

Figure 5-5 illustrates the distribution of charge at the c-HfO2/Si interface for Si, O, 

and Hf atoms after 2 ps of evolution. At the interface, the change in charge on Si atoms 

is +2.308 e on average, while that for O and Hf atoms are -0.413 e and +0.383 e, 

respectively. The results indicate that interfacial Si atoms oxidize, forming Si-O bonds 

and donating electrons to the O atoms in the cubic hafnia. The oxidation of Si atoms at 

the interface to form a silica layer is consistent with experimental results; 142, 143 as we 

shall see, these strong Si-O bonds contribute to the large value of the work of adhesion.  
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5.2.1.2 Adhesion of the interface 

The work of adhesion quantifies the energy saving from two surfaces forming an 

interface, and is an indication of the stability and strength of the interface. The larger the 

work of adhesion of an interface, the more energy is required to separate the interface 

into two surfaces. Here the work of adhesion W of the c-HfO2/Si interface was 

calculated from the standard equation: AEEEW SiHfOSiHfO /)( /22
 , where 

2HfOE and 
SiE

are the total potential energy of the relaxed fixed-volume HfO2 and Si slabs, 

respectively, SiHfOE /2
is the energy of the relaxed interfacial structure, and A is the 

surface/interface area. The same method was applied to calculate the work of adhesion 

of Cu/SiO2 interfaces with DFT.108 All structures are equilibrated at 300 K, prior to 

quenching at T=0 K. The calculated work of adhesion of the quenched c-HfO2/Si is 7.36 

J/m2, which indicates a relatively strong interface, and is in excellent agreement with 

that calculated from DFT-PBE, 7.19 J/m2. The surface energies calculated from the 

relaxed c-HfO2 (100) and Si (100) slabs with COMB potential are 5.74 and 3.03 J/m2, 

respectively, compared to those obtained from DFT calculations, which are 5.56 and 

2.83 J/m2, respectively. Note that the Si (100) surface energy is high because of the -

8.1% strain applied to (010) and (001) directions.   

The agreement between the COMB prediction and the DFT calculation indicates 

that the combination of COMB potentials for Hf/HfO2 and Si/SiO2 is adequate for 

modeling Si/HfO2 interfaces. However, additional extensive testing is required to identify 

cases for which this approach works less well. 
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5.2.2 Si and Monoclinic HfO2 Interface 

Since monoclinic phase is the most stable hafnia polymorph and post-deposition 

annealing of HfO2 deposited on Si are predominantly the monoclinic (m-HfO2) phase,141, 

144 we apply the COMB potentials to examine the properties of Si (100)/m-HfO2 (100) 

interfaces. A snapshot of such a system equilibrated with COMB potentials is given in 

Figure 5-6. Interfacial Si atoms are oxidized, forming a thin SiO2 layer, which is 

consistent with experimental findings. This preliminary result indicates the ability of 

COMB potentials to investigate a wide range of Si and HfO2 (cubic, monoclinic or 

amorphous) interfaces and systems. 

5.2.3 Nanoindentation of Si and Amorphous HfO2 Systems 

HfO2 is being applied in microelectronic devices; therefore in addition to electrical 

properties of Si/HfO2 interfaces, mechanical properties of such interfaces are also 

important. As a result, we apply COMB potentials to investigate the mechanical 

properties of Si/a-HfO2 interface via nanoindentation simulations in a similar manner 

described in Section 3-6. Working with Xuan, we took previously determined amorphous 

hafnia structure and made two a-HfO2 slabs with different thicknesses, 12 Å and 18 Å, 

respectively. The equilibrated a-HfO2 slabs are combined with 27 Å thick Si slabs, 

followed by constant-volume equilibration at 300K. Equilibrated Si/a-HfO2 interfacial 

structures are shown in Figure 5-7. The structures are indented with rigid, hemi-

spherical Si indenters with 33 Å diameter of curvature at 300K, and as a preliminary 

test, the loading and unloading rates are 20 m/s. The load-displacement curves of the 

two tested Si/a-HfO2 structures are illustrated in Figure 5-8. The loading depths are 

approximately two-thirds of the a-HfO2 thicknesses, so that different displacements are 

provided in the figure. The Si/a-HfO2 structures exhibited permanent damage from 
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plastic deformation, which are identified from the load-displacement responses. The 

extracted hardness and reduce modulus of the Si/a-HfO2 structures are given in Table 

5-6. The 12 Å thick a-HfO2 interface shows smaller values for hardness and reduced 

modulus, due to a thinner a-HfO2 slab. This work is currently being redone with slower 

loading/unloading rates at 1 m/s, as well as being replicated on  Si/a-HfO2 structures 

with larger surface areas of Si/a-HfO2 and a-HfO2/vacuum interfaces than the ones 

considered here. 

5.3 Summary 

The COMB potential for Hf/HfO2 developed in this work captures most of the 

physical properties of Hf metal and hafnia polymorphs. However, it is necessary to 

sacrifice accuracy in some properties, such as the Hf metal lattice constants and 

cohesive energy, in order to guarantee the correct phase order among hafnia 

polymorphs. Most importantly, however, the COMB potentials for Hf/HfO2, Cu/Cu2O
30 

and Si/SiO2
16 can be seamlessly coupled together in MD simulation studies of real 

device-size systems such as HfO2/Si interfaces, HfxSi1-xOy films, hafnia films on Si or 

SiO2, and the entire gate stack (Si/SiO2/HfO2/Cu2O/Cu) found in MOS/CMOS devices. 

The potential is also capable of describing amorphous hafnia and Si/a-HfO2 interfaces, 

as well as carrying out nanoindentation studies on such systems. Thus, the COMB 

potential for Hf/HfO2 should prove to be a useful tool and an effective method for 

carrying out large-scale MD simulations and computational studies. 
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Table 5-1.  Properties of hafnium metal given by the COMB potential for Hf/HfO2 
developed in this work in comparison with experimental, density-functional 
theory (DFT) calculations and the Iwasaki potential.  

Properties Exp COMB DFT (PBE) Iwasaki 

a0
* (Å) 3.1950 3.167 3.1935 3.1389 

c0
* (Å) 5.0542 5.147 5.0533 5.1276 

Ec
* (eV/atom) -6.99 -6.98 -9.96 -6.59 

C11
* (GPa) 190 195 

 
201 

C12
* (GPa) 75 75 

 
69 

C13
* (GPa) 66 65 

 
63 

C33
* (GPa) 204 209 

 
220 

C44
* (GPa) 60 53 

 
58 

C66
* (GPa) 58 61 

 
66 

B* (GPa) 110 112 114.59 112 
G* (GPa) 61 60 

 
65.1 

E (fcc-hcp) * (eV/atom)  0.055 0.060 0.0 
E (bcc-hcp) (eV/atom)  0.188 0.155 2.273 
E (dia-hcp) (eV/atom)  3.98 2.07 3.768 
Unstable stacking fault (J/m2)  1.695 1.662 

 
γ (0001) (mJ/m2)  2250 1133 3006 

γ )0011(  (mJ/m2)  2466 2003 4002 

γ )0112(  (mJ/m2)  2936 3044 3752 

Vacancy (eV/defect)  4.62 2.55 
 

Interstitial (eV/defect)  6.17 6.23 
 

α (10-6 K-1) 5.9 6.9 
  

 * Denotes fitted properties 



 

110 

Table 5-2.  Fitted properties of monoclinic, tetragonal and cubic hafnia phases given by 
the COMB potential for Hf/HfO2 developed in this work in comparison with 
that from experiments, first-principles calculations, a Buckingham type 
potential and the Iwasaki potential. 

Monoclinic HfO2 

Properties Expt. COMB DFT Iwasaki * 

a0 (Å) 5.12 a 5.13 5.12 b, c -- 

b0 (Å) 5.17 a 5.21 5.20 b, c -- 

c0 (Å) 5.30 a 5.11 5.28 b, c -- 

β (deg) 99.2 a 98.8 99.7 b, c -- 

Ec (eV/HfO2)  -30.89 -30.56 -- 

B (GPa)  235 251 d -- 

G (GPa)  120 
 

-- 

q Hf (e)  3.48 3.60 c 3.38 

Tetragonal HfO2 

Properties Expt. COMB DFT Iwasaki 

a0 (Å) 5.151 a 5.03 5.059 c 4.921 

c0 (Å) 5.29 a 5.05 5.1996 c 6.26 

Ec (eV/HfO2)  -30.79 -30.40 -41.85 

B (GPa) 210 e -281 f 307 197 c - 240 585 

G (GPa)  154 128 342 

C11 (GPa)  567 495 1151 

C12 (GPa)  179 152 302 

C13 (GPa)  176 115 302 

C33 (GPa)  564 397 1149 

C44 (GPa)  126 90 288 

C66 (GPa)  128 125 288 

q Hf (e)  3.46 3.33 c 3.30 

Cubic HfO2 

Properties Expt. COMB DFT Iwasaki 

a0 (Å) 5.08 a 5.02 5.05 b 6.25 

Ec (eV/HfO2)  -30.76 -30.32 -40.74 

B (GPa)  295 201 c – 280 d 556 

G (GPa)  200 229 g 324 

C11 (GPa)  561 578 g 1098 

C12 (GPa)  161 121 g 285 

C44 (GPa)  111 83 g 270 

q Hf (e)  3.44 3.49 c 3.22 

* Properties for the monoclinic phase are left blank, see text for explanation 
a Ref 134, 145, 146, b Ref 147, c Ref 133, d Ref 148, e Ref 127, f Ref 149, g Ref 150 
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Table 5-3.  Cohesive energy of monoclinic hafnia (in units of eV/HfO2 unit) and that 
relative to monoclinic hafnia for six other polymorphs calculated from DFT-
PBE and COMB potential for Hf/HfO2 developed in this work. 

(eV/HfO2) Monoclinic α-PbO2 OI Rutile Tetragonal Cubic OII 

DFT a -30.45 -- + 0.065 -- + 0.156 + 0.237 + 0.385 
DFT-PBE 
(This work) 

-30.56 + 0.058 + 0.070 + 0.109 + 0.159 + 0.238 + 0.386 

COMB -30.69 + 0.076 + 0.085 + 0.067 + 0.178 + 0.293 + 0.430 
a Ref 133 

 
Table 5-4.  Axial and volume thermal expansion coefficients of the monoclinic hafnia 

calculated with the COMB potential developed in this work compared with 
those from experiments 

 
a0 b0 c0 V 

Exp a 6.1 ~ 8.4 1.2 ~ 2.7 9.6 ~ 12.6 20.6 ~ 23.5 

COMB 10.52 2.11 13.89 29.46 
a Ref 134 

 
Table 5-5. Defect formation energies (in units of eV) of the monoclinic HfO2 phase 

predicted with the COMB potential developed in this work compared with 
those from DFT calculations.  The chemical potential of Hf in both metal and 
oxide phases were used to estimate the formation energies of Hf vacancy, 
interstitial and Schottky defect. Values in parenthesis are the charges 
associated with interstitial defects from DFT and COMB potential after charge 
equilibration, respectively. 

Defect 
DFT a COMB 

μmetal μoxide μmetal μoxide 

Hf Vacancy 16.9 5.7 23.53 6.49 

Hf Interstitial -- 9.78 (+1.983e) 26.81 (+1.983e) 

O Vacancy 9.34, 9.36 11.95, 13.44 

O Interstitial 4.2, 5.8 (0.0e) 3.97, 5.24 (-0.002e) 

Schottky -- 47.10 30.07 

Cation Frenkel -- 43.29 (+1.991e) 

Anion Frenkel -- 18.06 (+0.101e) 
a Ref 136 

 
Table 5-6. Hardness and reduced modulus of Si/a-HfO2 structures with 12 Å and 18 Å 

thick a-HfO2 layers obtained from nanoindentation simulations using COMB 
potentials developed in this work. Courtesy of Xuan Sun. 

Type of interface H (GPa) Er (GPa) 

12 Å Si/a-HfO2 33.3 333.6 
18 Å Si/a-HfO2 35.8 458.0 
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Figure 5-1.  Cohesive energies as a function of unit volume (E-V curves) for various 

hafnia phases calculated from A) density functional theory (DFT) at the level 
of PBE, and B) that calculated from the COMB potential for Hf/HfO2 
developed in this work. 

COMB 
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Figure 5-2.  Temperature dependence of the lattice constants of monoclinic hafnia with 

(100) surface on heating from 2000 to 3000 K showing the monoclinic-to-
tetragonal phase transition at 2300 K using the COMB potential for Hf/HfO2 
developed in this work.  

 

  



 

114 

 

 
Figure 5-3.  Radial distribution function of amorphous hafnia obtained with the melt-and-

quench method using the COMB Hf/HfO2 potential developed in this work. 
Courtesy of Danielle Holton. 
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Figure 5-4.  Snapshots of the cubic HfO2 and Si (c-HfO2/Si) interfacial structure evolving 

at 300K (a) 0 ps, (b) 2.0 ps.  Large (red) atoms are Hf, medium sized atoms 
(cyan) are Si and small atoms (blue) are oxygen. 
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Figure 5-5.  Charge distribution of the c-HfO2/Si interface for Si (square symbols), O 

(circle symbols) and Hf (triangle symbols) atoms after 2 ps evolution.   
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Figure 5-6.  Snapshots of the moclinic HfO2 and Si (m-HfO2/Si) interfacial structure 

evolving at 300K. Large (red) atoms are Hf, medium sized atoms (cyan) are 
Si and small atoms (blue) are oxygen. 
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Figure 5-7.  Snapshots of Si/a-HfO2 systems with A) 12 Å and B) 18 Å thick a-HfO2 

layers from nanoindentation simulations using COMB potentials a-HfO2 layer 
on the top, Si slab on the bottom. Atoms are color coded by the atomic 
charges. Courtesy of Xuan Sun. 
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Figure 5-8.  Load-displacement curves of Si/a-HfO2 systems with (a) 12 Å and (b) 18 Å 

thick a-HfO2 layers from nanoindentation simulations. Loading and unloading 
rates are 20 m/s; loading curves shown in red, unloading curves shown in 
blue and green. Courtesy of Xuan Sun.  
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CHAPTER 6 
DEVELOPMENT OF COMB TI/TIO2 POTENTIAL AND ITS APPLICATIONS TO TIO2 

SURFACES AND TIO2 SUPPORTED COPPER CLUSTERS AND ISLANDS 

Titania (TiO2) has attracted much attention for its diverse use in various industries 

and wide range of desirable surface properties. It has been utilized in such applications 

as pigments, gas sensors, solar cells, photo catalysts and heterogeneous catalyst.151 

Titania is well known to crystallize into three natural polymorphs: rutile (space group: 

P42/mnm), anatase (I41/amd) and brookite (Pbca). In addition to these naturally 

occurring phases, several high pressure phases are also found experimentally or 

suggested by theoretical calculations: columbite (PbO2, space group Pbcn), cotunnite 

(PbCl2, Pnma), baddeleyite (ZrO2, P21/c) and fluorite (CaF2, Fm-3m).152 

A number of empirical, fixed charge rigid ion potentials for carrying atomistic and 

molecular dynamics simulations have been proposed for TiO2. 
153, 154 Of these potential 

models, it is considered that a formal charged model by Collins et. al153 and a partial 

charged model by Matsui et al.155 describe the relative phase stabilities of titania 

polymorphs and low Miller index rutile surfaces in a reasonable manner.152 Since Rappé 

and Goddard developed the charge equilibration (QEq) method,26 several empirical 

potentials adopting this variable charge scheme have also been developed for TiO2: 

MS-Q,152 SMB-Q156 and SMTB-Q.157 MS-Q combines a short range two-body Morse-

Stretch potential with a long range Coulombic, SMB-Q combines the Coulombic with a 

short range second-moment-Buckingham potential, while the SMTB-Q model utilizes a 

second-moment tight-binding scheme for the short range interactions. These potential 

formalisms have their strengths, however it is difficult for them to model both Ti metal 

and TiO2 within the same functional form, mostly due to the significant difference in 

bonding between the two materials: metallic versus ionic. Due to this limitation, it is also 
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difficult to model metal clusters, such as Cu, Al, Au and Ag, interacting with TiO2 with 

these potentials. Therefore we propose a COMB potential for both Ti metal and TiO2 

polymorphs, and, that when combined with the Cu/Cu2O potential, is able to model 

systems such as TiO2 supported Cu metal clusters. 

This work received great assistance from Rakesh Behera. In particular, he 

supplied several titania polymorphs for the phase stability calculations, as well as 

characterized several empirical potentials in terms of reproducing titania properties. 

Patrick Chiu assisted in carrying out DFT calculations of defect formation energies at a 

grain boundary of rutile titania. A first year graduate student, Jackelyn Martinez, 

constructed the reconstructed and step rutile (110) surfaces and investigated their 

surface energies and relaxed geometries. 

6.1 Potential Development and Properties of Ti Metal and TiO2 Phases 

6.1.1 Formalism and Fitting Procedure 

The cosine bond-bending terms, described in Section 2.2.4.1, are applied to Ti-O-

Ti and O-Ti-O bond angles, and the additional repulsion term, described in Section 

2.2.4.3, is applied to Ti-O bonds within the standard COMB formalism. We apply the 

multi-phase fitting algorithm described in Section 2.6 to determine the potential 

parameters. We have included a total of 6 phases in the fitting procedure for the COMB 

potential for Ti/TiO2: the pure Ti hexagonal metal phase (P63/mmc), rutile, anatase, 

brookite, α-cristobalite and β-cristobalite. The Ti metal in fcc phase was not included in 

the training database because the fcc-hcp energy difference is solely dependent upon 

the Legendre polynomial and can be incorporated after all the other parameters have 

been fitted. The α-cristobalite and β-cristobalite type phases do not appear in the phase 

diagram of titania, but for some parameter sets these phases have been predicted to be 



 

122 

low-energy states, or even the ground state. Hence, we include these two phases in the 

fitting procedure to ensure that they are higher in energy than the experimentally 

observed phases. The final parameterization for the COMB Ti/TiO2 potential is given in 

Tables A-1 and A-2.  

6.1.2 Properties of Ti Metal 

Table 6-1 compares the fitted properties of hcp Ti metal from experiments158-160 

with the fitted and predicted values from first-principles calculations158, a MEAM 

potential158 and the COMB potential (developed in this work). The lattice parameters 

from the COMB potential show -0.5% and +1.5% deviation from experimental values for 

a0 and c0, respectively. These deviations result in a larger c/a value of 1.620 compared 

to experimental and DFT values. However, the cohesive energy and elastic constants 

are reproduced within 2% deviation with respect to DFT values. The fcc-hcp energy 

difference is exactly fitted, and the predicted bcc-hcp energy difference, 67 meV/atom, 

agrees well with DFT calculations and indicates the bcc phase is less stable than the fcc 

phase, while the hcp phase is the ground state phase.  

Point defects (vacancy and interstitial) and planar defects (stacking faults and free 

surfaces) are also predicted with the COMB potential. The defect formation energy for a 

Ti vacancy is reasonably predicted while the Ti interstitial (octahedral site) is 

overestimated by ~ 55%. Stacking fault energies of hcp metals are important factors not 

only to their mechanical properties, but also to deformation mechanisms such as slips 

systems and dislocations. There are three basic types of stacking faults in hcp metals. 

Intrinsic type 1 (I1) changes the normal stacking sequence of ABABAB… to 

ABAB|CBCB; type 2 (I2) changes it to ABAB|CACA; while an extrinsic stacking fault has 

a stacking sequence of ABAB|C|ABAB. The unstable stacking fault (USF) energy is the 
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minimum energy barrier between the normal hcp stacking sequence and the I2 stacking 

fault. These stacking fault energies of Ti are well described with the COMB potential; 

both I2 and USF energies are within 13% of the DFT results. The surface energies of 

the three low Miller index surfaces are also given in Table 6-1. The COMB potential 

predicts a different trend for these surface energies compared to DFT values; however 

the predicted surface stability trend is the same as that from the MEAM potential. 

Predicted surface energies from the COMB potential are ~35% smaller than that from 

DFT calculations. 

6.1.3 Properties of TiO2 Phases and Phase Stability 

The properties of rutile, anatase and brookite phases from the COMB potential, 

compared to the experimental values, first-principles calculations, a tight binding 

(SMTB-Q)157 method, and three other classical interatomic potentials (SMB-Q156, MS-

Q152 and Matsui155) are presented in Table 6-2. Our first-principles calculations are 

carried out with the Vienna ab initio Program (VASP) within the generalized-gradient 

approximation (GGA)65, using the Perdew–Burke–Ernzerhof54 (PBE) exchange-

correlation functional. We use plane-wave basis sets with a 580 eV energy cutoff, a 

4×4×4 Monkhorst-Pack k-point mesh67, and projector augmented-wave (PAW) 

pseudopotentials63, 64 for Ti ([Ne] core with 3s23p64s23d2 electrons) and O ([He] core 

with 2s22p4 electrons). The convergence criteria are set at 4.0×10-4 eV and 0.001 eV∙Å-

1 for energies and forces, respectively. The Matsui and MS-Q values are generated with 

the General Utility Lattice Program (GULP)161, 162 using parameters provided in Matsui 

[155] and Swamy [152], respectively.  
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For the rutile phase, the COMB potential reproduces the lattice parameter, 

cohesive energy and elastic moduli with a 20% deviation compared to experimental and 

DFT values. Lattice parameters, cohesive energies and elastic moduli of anatase and 

brookite phases from the COMB potential are also well reproduced, however the 

individual elastic constants of anatase and brookite, in some cases, show more 

significant deviation. For anatase C12 shows a ~ -60% deviation and C44 shows a ~ 

+90% deviation. For brookite C13 shows a ~ -30% deviation and C66 shows a ~ +95% 

deviation relative to the DFT values. Compared to values from MS-Q and Matsui 

potentials, the COMB TiO2 potential reproduces worse elastic constants for anatase C12 

and C44 and brookite C13, but better brookite C66. In fact, it can be seen that the shear 

elastic constants for all three phases from empirical potentials show substantial 

deviations from experimental and DFT values. This may indicate the insufficiency of 

current empirical potential functions, including MS-Q, Matsui and COMB potentials, to 

correctly reproduce shear elastic constants for TiO2 polymorphs. One insufficiency of 

the potential function may be the angular function, and a new model for the angular 

function may be required to correctly reproduce TiO2 shear moduli. 

The phase order of titania polymorphs, including naturally occurring phases, high 

pressure phases and several hypothetical AB2 phases, from the COMB potential 

compared to first-principles DFT calculations and other empirical potentials are provided 

in Table 6-3. COMB and SMB-Q potentials predict the rutile phase to be the most stable 

phase, followed by anatase and brookite phases. MS-Q and Matsui potentials, while 

predicting rutile as the ground state phase, predict that brookite is lower in energy than 

anatase. The COMB potential does not predict exactly the same phase order for all 
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other AB2 phases compared to  first-principles calculations, however these high 

pressure or hypothetical AB2 phases are correctly predicted to be much less stable than 

the rutile, anatase and brookite phases.  

6.1.4 Defect Formation Energies of Bulk Rutile TiO2 

Point defects govern the electronic conductivity and electrical properties of TiO2. 

Point defect formation energies are therefore calculated with the developed COMB 

potential and compared to experimental values163 and first-principles calculations.164 

The calculated defects include Ti and O vacancies, Ti and O interstitials, cation and 

anion Frenkel and Schottky defects. For COMB potential calculations, system charge 

neutrality is maintained after creating defects. The calculated defect formation energies 

are compared to literature values and are presented in Table 6-5. In particular, defect 

formation energies from the COMB potential are provided for oxidized (Ti in oxide & O2 

gas), standard (Ti metal & O2 gas), and reduced (Ti metal & O in oxide) conditions. The 

experimental values for the defect formation energies are their upper limits.163 

In general the COMB potential overestimates the defect formation energies by 

factors from 2 to 5 compared to experimental values and first-principles calculations. 

This is due to strong ionic contribution resulted from larger fractional charges. Under the 

standard condition, COMB predicts defect formation energies that have the same trend 

as the values predicted from first-principles calculations. The calculated trends for 

Schottky and Frenkel defects also agree with the trends from experiment and DFT 

calculations. In particular, formation of a Schottky defect requires the most energy in 

bulk rutile, while the formation of an anion Frenkel requires the least energy.  

The results from COMB potential calculations also indicated that more energy is 

required to create Ti vacancies than O vacancies. This is because a Ti vacancy is 
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created from breaking six strong Ti-O bonds, while an O vacancy requires breaking only 

three; hence the Ti vacancy formation energy is larger than of the value for an O 

vacancy. Ti or O interstitials, on the other hand, are not significantly affected by strong 

Coulombic interactions since interstitials attract and repel dissimilar and similar atoms, 

respectively. The O interstitial forms an almost linear Ti-O-Ti bond angle with the 

surrounding Ti atoms, so creating this defect requires additional energy to overcome the 

bond-bending term, defined in Equation 2-39. On the other hand, the Ti interstitial forms 

an O-Ti-O bond close to the ideal bond angle hence it is more energetically favored 

than the O interstitial. 

6.1.4 Defect Formation Energies at Rutile TiO2 Grain Boundaries 

Grain boundaries in polycrystalline materials are well-known to affect their 

electronic properties,165-167 and defect complexes such as Schottky defects at the Σ5 

(210) grain boundaries significantly affect the electronic properties of rutile TiO2.
168 

Therefore we investigate defect formation energies at the Σ5 (210) grain boundary in 

rutile TiO2 using COMB potential, and compare the results to that of first-principles DFT 

calculations.169 The grain boundary structures are built following the method described 

in Chiu [169], and the results are presented in Table 6-5. The relaxed structures are 

also illustrated in Figure 6-1. Compared to DFT values, the formation energies for cation 

Frenkel and Schottky defects from COMB potential are overestimated by several 

factors. These over-estimations in defect formation energies also originate from strong 

ionic contribution due to larger fractional charges. Nevertheless the cation Frenkel is 

predicted to be more favorable than Schottky defect, which is consistent with 

experimental values. 
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For all three conditions considered, COMB potential predicts the mixed A structure 

to be the most stable Schottky defect, followed by clustered and mixed B configurations 

of Schottky defects, consistent with DFT calculations. The significant difference in 

formation energies among these Schottky defects from COMB potential can be 

attributed to the number of under-coordinated Ti and O atoms – more under-

coordinated atoms larger the formation energies. An analysis of the coordination 

number of Ti and O atoms of the system is presented in Table 6-6. The mixed A 

configuration Schottky defect contains 23.8% 5-fold coordinated Ti atoms, and the 

clustered Schottky defect contains 4.8% 4-fold and 19.0% 5-fold coordinated Ti atoms. 

This difference in under-coordinated atoms results a more preferred mixed A than 

clustered Schottky defect. Comparing the mixed B and distributed Schottky defects, the 

percentage of atoms that are normally coordinated decreased to 77.0% and 78.6%, 

respectively. The significant increase in the numbers of under-coordinated Ti and O 

atoms for the mixed B and distributed configurations of Schottky defects is responsible 

for their higher defect formation energies. Examining the Frenkel defects, the cation 

Frenkel pair is predicted to be more preferred than the anion Frenkel pair from COMB 

potential, which agrees with DFT calculations. This also can be attributed to the overall 

number of under-coordinated Ti and O atoms of these two Frenkel types of defect 

systems: the number of under-coordinated Ti and O atoms in the cation Frenkel is less 

than that of the anion Frenkel. Thus, the defect formation energies at rutile grain 

boundaries from COMB potential are consistent with available experimental values and 

first-principles DFT calculations. 
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6.2 Surface Energies of TiO2 Phases 

Single-crystalline TiO2 surfaces are important in wide range of applications.151 An 

important aspect of assessing the quality of a TiO2 empirical potential is its ability to 

describe surfaces. Therefore, we investigated the quality and capability of the 

developed COMB Ti/TiO2 potential by calculating the surface energies of rutile, 

reconstructed rutile (110) and anatase. Since experimental values for surface energies 

are difficult to obtain, we compare COMB potential values to our or literature first-

principles DFT calculation and other empirical potential values. 

6.2.1 Low Miller Index Rutile Surfaces 

Table 6-7 compares the surface energies of (110), (100), (101) and (001) surfaces 

of rutile phase predicted from the COMB potential, first principles calculations170-174 and 

empirical potentials.155, 156 MS-Q values are calculated with GULP using given 

parameters.155 For un-relaxed surface energies the COMB potential predicts the same 

trend compared to DFT calculations, in particular to Ramamoorthy et al.174 The relaxed 

surface energies generally follow the same trend, except that the (100) surface is 

predicted to be more stable than the (110) surface after relaxation. Interestingly, the 

MS-Q potential predicts an incorrect order for (100) and (001) surface energies. The 

SMB-Q potential, on the other hand, does a good job in predicting the surface energies 

for all the low-index surfaces considered here. Examining the relaxed surfaces from the 

COMB potential, we found the under-coordinated surface Ti atom being pulled into the 

bulk, and this is also predicted  for the (001) surface. This over-relaxation of surface Ti 

atoms for (100) and (001) surfaces are responsible for the -60% and -53% decreases, 

respectively, between the un-relaxed and relaxed surface energies. On the other hand, 

the decrease in surface energies for (110) and (101) surfaces are much smaller at 28% 
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and 42%, respectively. Although the relaxed (100) surface is predicted to be the most 

stable from COMB potential, the (110) surface is structurally stable during relaxation at 

higher temperatures and does not evolve to other surface configurations. Therefore the 

COMB potential should be adequate for modeling the rutile (110) surface. 

6.2.2 Reconstructed Rutile (110) Surfaces 

In experiments, the rutile (110) surface is stable but it reconstructs at higher 

temperatures such as 500K to 800K.151 The reconstructed rutile (110) surface has been 

the subject of considerable interest since many reconstructed geometries have been 

observed with experimental techniques such as low energy electron diffraction/Auger 

electron spectroscopy175 and scanning tunneling microscopy176, 177. In this section, the 

surface energies of three different reconstructed configurations of rutile (110) surfaces 

are calculated. Snapshots of these relaxed surfaces, along with the pristine (110) 

surface, are illustrated in Figs. 6-2 (a) to (d). The pristine (110) rutile TiO2 surface, given 

in Figure 6-2 (a), is stable under normal temperatures and pressures. The first 

reconstructed surface is the “missing row” model, shown in Figure 6-2 (b), in which one-

half of the bridging oxygen atoms on the surface are missing. The second is the “added 

Ti2O3”, shown in Figure 6-2 (c), in which an extra Ti2O3 is added to the surface between 

bridging oxygen atoms. The last reconstructed surface is the “extra row” model, which is 

provided in Figure 6-2 (d). In this case, an extra row of Ti3O5 is added to the surface. 

Surface energies of these reconstructed surfaces are calculated at two different charge 

states: neutral and charged. Since TiO2 can be easily reduced, these reconstructed 

surfaces all are reduced relative to bulk TiO2; neutral and charged surfaces therefore 

assume the missing oxygens are O ions and O atoms, respectively. Surface Ti atoms of 

the charged surfaces have approximately an additional 0.08 e of charge relative to the 
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neutral surfaces. The relaxed structures provided in Figure 6-2 are charged surfaces, 

and the surface energies of these reconstructed surfaces from COMB potential are 

compared to our DFT calculation values in Table 6-8. The DFT calculations were 

conducted with the same settings as described in Section 6.1.3 with the exception of a 

4×4×1 Monkhorst-Pack k-point mesh is used. Snapshots of relaxed reconstructed 

surfaces with DFT are also illustrated in Figure 6-2. 

For un-relaxed surfaces, both neutral and charged surface energies from COMB 

potential are predicted to be in the same order as that from DFT calculations. The 

pristine (110) surface is predicted to be more stable than any reconstructed (110) 

surface, consistent with the experimental finding that the pristine (110) surface is stable 

at lower temperatures.151 For reconstructed surfaces, the missing row reconstruction is 

the most stable, followed by added Ti2O3 and extra row reconstructions, indicating 

missing row reconstruction should be the most observed reconstructed surface. For 

COMB potential predictions, neutral reconstructed surfaces have lower surface energies 

than charged surfaces; this is because when O atoms, instead of O ions, are removed 

to form charged reconstructed surfaces, surface Ti atoms have excessive positive 

charges which adds extra energy to the overall potential energy from the contribution 

from the self energy term (Section 2.2.1, Equation 2-12). This potential model artifact is 

physical since creating a charged reconstructed surface involves removing O atoms, 

instead of O ions, which requires more energy. Comparing COMB and DFT predictions, 

we find the over-estimation in surface energies is consistent with the over-estimations 

predicted for defect formation energies.  
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For relaxed surfaces, on the other hand, we find the neutral reconstructed (110) 

surface energies are substantially lower as predicted by the COMB potential than the 

values for charged surfaces. For some cases the surfaces are even lower in energy 

than in bulk rutile. The unreasonably low relaxed surface energies result from the 

surface Ti atoms being significantly relaxed into the bulk position, in a similar fashion to 

the (100) surface discussed in the previous Section (6.2.1). For charged surfaces, the 

excessive charges on surface Ti atoms not only increased the self energy (Equation 2-

12) but also increased the Coulomb repulsion between surface and bulk Ti atoms; 

hence the charge prevented the surface Ti atoms from being overly relaxed into the 

bulk. Comparing the relaxed structures from COMB potential (charged surfaces) and 

DFT, we find similarities between the two methods for the pristine surface, Figure 6-2 

(a), the missing row reconstructed surface, Figure 6-2 (b), and the extra row 

reconstructed surface, Figure 6-2 (d). In addition, the trends for relaxed surface 

energies agree with each other, indicating that the pristine (110) surface is preferred 

compared to the missing row and the extra row reconstructions. However, the relaxed 

structures for added Ti2O3 reconstruction are significantly different from DFT and COMB 

potential. From COMB potential, the 6-fold coordinated surface Ti atoms stay 6-fold, 

while from DFT those Ti atoms become 4-fold coordinated. The change in coordination 

number of the Ti2O3 surface unit from DFT calculations results in the too low relaxed 

surface energy. In sum, from COMB potential and DFT calculations, we find the pristine 

(110) surface should be more energetically preferred than the reconstructed (110) 

surfaces considered. 
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6.2.3 Step Rutile (110) Surfaces 

Rutile surfaces are often used as a heterogeneous catalyst which requires a 

certain amount of surface preparation.  Repeated cycles of ultra-high vacuum (UHV) 

annealing and sputtering treatment is often used to clean surfaces.178 After treating the 

surfaces under certain conditions (110) rutile can form a flat surface with (1x1) step 

terraces. At annealing temperatures of 1100 K the terrace width is typically 100 Å and 

will increase with annealing temperatures. The monatomic step height is approximately 

3.2 Å.179  The presence and geometries of steps in the rutile surface greatly affect the 

catalysis process wherein the deposited constituent will preferentially deposit near and 

on steps,180 which is why it warrants further investigation here. In this section, the 

surface energies were investigated for a total of four different step geometries. 

Visualization of the differing step surfaces can be seen in Figure 6-3 (a) – (d). Surface 

steps on (1x1) rutile run predominately parallel to the [001] and        directions. There 

are two distinct geometries among the steps in the [001] directions, one of which has a 

smooth termination along the step edge. The smooth [001] step can either be 

terminated by oxygen, Figure 6-3 (a) or titanium, Figure 6-3 (b). Both geometries were 

tested here. The other distinct geometry along [001] is atomically rough and is thought 

to be a reconstruction of the smooth termination, shown in Figure 6-3 (c). It is observed 

that the rough and smooth [001] steps occur at the same probability.179 Lastly is the 

       step surface, Figure 6-3 (d), which has been reported by STM studies that steps 

dominate in those         direction.179 All step surfaces were constructed by cutting away 

parts of the surface monolayer of a perfect (110) rutile surface, and were based on 

models proposed in Diebold [181]. 
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Since the sizes of the step surfaces are too large to be considered with DFT 

calculations, the surface energies are calculated only with the COMB potential 

developed in this work. The surface energies of these step (110) surfaces predicted with 

the COMB TiO2 potential are presented in Table 6-9. In general, step configurations 

form on higher-index surfaces in an attempt to revert to lower-index surfaces.178 

Additionally, the COMB potential predicts that step configurations are also stable on the 

low-index (110) rutile surface. As presented in Table 6-9 smooth step surfaces have 

lower relaxed surface energies than the pristine (110) rutile surface. As the surface 

relaxes the titanium atom closest to the step edge “sinks” in closer to the surface. While 

titanium relaxes into the surface, the oxygen-titanium-oxygen bond facing into the 

surface increases from approximately 60o to 98o, which is closer to the ideal bond angle 

of 90o. This effectively reduces the bond angle repulsive energy (described in Equation 

2-30) per O-Ti-O bond angle along the step edge. The reduction in this repulsive energy 

overpowers the normal increase in surface energy caused by step geometries due to 

under-coordinated atoms and results in a lower surface energy overall.  

There is still some controversy over the exact structure of the [001] smooth step 

on rutile (110) surfaces due to different interpretations of STM images.181, 182 In this 

study the COMB potential predicts the oxygen terminated structure should be the more 

stable model for the [001] smooth step surface due to its lower surface energy. The 

titanium terminated model has a higher surface energy because of increased number of 

under-coordinated titanium atoms on the surface as compared to the oxygen terminated 

[001] step surface. This is because the surface energy is directly proportional to the 
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quantity of under-coordinated atoms or the severity of under-coordination, referring to 

the increase in excess energy per site as coordination decreases.183  

Although the rough [001] and smooth [001] step models appear approximately at 

the same probability experimentally181, 182, the rough [001] step has a higher surface 

energy predicted from the COMB TiO2 potential as compared to the [001] smooth step 

models and the pristine (110) due to the under-coordinated titanium atoms that protrude 

from the step. Experimentally the        step surface is more prevalent in STM studies at 

lower temperatures181, 182 than the [001] steps and should have a lower surface energy. 

The higher surface energy predicted from COMB mentioned in Table 6-9 may be 

attributed to the interactions between the step edges. The surface area considered here 

may be too small hence allowing interference between the step edges resulting in a 

higher surface energy. In sum, COMB predicts that steps on rutile (110) surfaces are 

more energetically favorable than the pristine (110) surface. 

6.2.4 Low Miller Index Anatase Surfaces 

Due to its surface properties, the anatase phase is believed to be a more efficient 

material than the rutile phase in applications such as catalysis, photo catalysis and dye-

sensitized solar cells.172 Therefore we assess the capability of COMB Ti/TiO2 potential 

to describe anatase surfaces. Mentioned in Table 6-10 are the surface energies of the 

(101), (100), (001), (110), faceted (103) and smooth (103) surfaces of anatase as 

predicted from the COMB potential compared to first principles results reported by 

Lazzeri et al.,172, 173 Hummer et al.,171 Barnard et al.,170 and the MS-Q152 potential. 

Compared to values from Lazzeri et al, the un-relaxed surface energies from COMB are 

typically over-estimated by a factor of two for the similar reason to the rutile surface 

energies, which is the strong Coulombic contribution resulted from large fractional 
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charges. The MS-Q potential correctly predicted the order between (100) and (001) 

surfaces, however no information on the properties of anatase surfaces using SMB-Q 

potential have been published to date. The relaxed surface energies from the COMB 

potential generally follow the DFT predicted trend. However the relaxed surface 

energies of (100) and smooth (103) surfaces are substantially higher compared then the 

other surfaces. The (101) surface is correctly predicted to be the most stable anatase 

surface. In conclusion, COMB Ti/TiO2 potential generally captures the surface 

properties of TiO2 polymorphs in terms of surface energies and geometries. 

6.3 Adsorption Energies of Cun (n=2~4) Clusters on Rutile (110) Surface 

In previous Sections 6.1 and 6.2 we find some empirical potentials out-performs 

the COMB Ti/TiO2 potential in some aspects, however due to their limitations in 

functional formalisms and transferabilities, it is difficult to model metal clusters 

interacting with titania surfaces. Therefore in this section we demonstrate the capability 

of COMB potentials to model such interactions. Because of the stability of rutile titania 

(110) surface, it is able to support an extensive assortment of metal clusters including 

gold, lithium, aluminum, silver and copper.151, 184-186 TiO2 supported metal clusters are 

important catalysts for NOx reduction187-189 and methanol production.190, 191 Shown in 

Figure 6-4 is a top view of the (1x1) rutile (110) surface indicating the adsorption sites. A 

first-principles DFT study by Pillay et al.192 compared the adsorption energies of Cu/Au 

dimers, trimers, and tetramers with various geometries on specific adsorption sites on a 

rutile (110) surfaces. It is found for (1x1) surface on top of the Ti (5c) site is the most 

preferable adsorption site for Cu dimers/trimers and the structure of these Cu clusters is 

affected by the particle ionization by charge transfer from the TiO2 substrate and Cu-

TiO2 bonding interaction. Here we apply the COMB potentials for Ti/TiO2 and Cu/Cu2O 
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to investigate the energetic and behavior of Cun (n=2-4) clusters on the (1x1) rutile (110) 

surface. 

6.3.1 Adsorption Energies and Geometries 

For the purpose of comparison, we considered the same rutile (110) supported Cu 

clusters as shown in Pillay et al.192 for adsorption energy calculations. Force and energy 

are minimized followed by constant-volume and constant-temperature relaxation at 1K 

with charge equilibration. The relaxed geometries of adsorbed Cu dimers, trimers, and 

tetramers from COMB potential are illustrated in Figure 6-5, and the Cu-Cu and Cu-O 

bond length are summarized in Table 6-11. The adsorption geometries are generally 

comparable to those obtained with DFT calculations,192 and all adsorbed Cu clusters 

remain stable on the adsorption sites. Examining the relaxed adsorption geometries, we 

see that the Cu-Cu bond lengths are typically underestimated by 15%, while the Cu-O 

bond lengths are overestimated by ~25%. 

The adsorption energies are also summarized in Table 6-11. The trend of these 

adsorption energies from COMB potentials generally follows that from DFT calculations: 

for Cu dimers the COMB potentials predict the same trend compared to DFT 

calculations. The Ti (5c) is the most preferred adsorption site while Cu dimer on top of O 

(2c) site with the bond perpendicular to [001] direction is the least preferred. For Cu 

trimers, the COMB potentials predict the same qualitative trend for Ti (5c) and O (2c) 

sites, however the O (3c) site is significantly underestimated so that this site is 

incorrectly predicted to be the least preferred adsorption site for Cu trimers. The 

adsorption energies of Cu tetramers from COMB potentials are also consistent with that 

of Cu dimers and trimers – Ti (5c) is more preferred than O (3c) site. The results show 

that for Cu clusters the Ti (5c) is the most favored adsorption site, which is in agreement 
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with the finding of Pillay et al., and indicate COMB potentials should be adequate in 

describing the adsorption energetic of Cu clusters on rutile (1x1) (110) surface. The 

adsorption energies from COMB potentials are generally overestimated compared to 

that from DFT calculations with a largest overestimation of 60%. The overestimation 

results from the stronger Cu-Ti short range attractions. 

6.3.2 Potential Energy Surface of a Cu Dimer on Rutile (110) Surface 

It is reported that Cu atoms/clusters have high mobility on rutile (110) surface at 

room temperature and even at temperatures as low as 160 K.193, 194 Therefore we 

applied the COMB potentials to calculate the potential energy surface of a Cu dimer 

moving along the [001] direction for a displacement of one surface unitcell on the (1x1) 

rutile (110) surface. The TiO2 substrate is held fixed throughout the surface scan but is 

allowed to transfer charges with the Cu dimer. The charge equilibration is carried out 

with a 0.001 convergence criterion. The potential energy surface scan profile is shown 

in Figure 6-6. The potential energies (in J/mol) are plotted against the lowest energy 

value, which corresponds to that of the Cu dimer placed on top of the Ti (5c) site. The 

minimum at the distance of 1.5 Å corresponds to the Cu dimer placed on top of the O 

(3c) site. The minima at the distances of ~0.5 Å (also 2.5 Å) and 1.0 Å (also 2.0) Å 

correspond to the breaking of Cu-Ti (5c) bond and Cu-O (2c) bond, respectively, for 

each Cu atom. The breaking of these bonds decreased the coordination number of one 

Cu atom from 7 to 6, resulting in a slightly more preferred bonding environment for the 

Cu atom. The energy barrier for this Cu dimer moving on the rutile surface is estimated 

to be around 2.0 kJ/mol (~0.041 eV/dimer), and corresponds to a thermal energy of 480 

K. This calculated energy barrier corresponds to the overestimated adsorption energies 

and is reasonable compared to the experimental findings.193, 194 
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6.4 Summary 

To conclude, we have developed an empirical, variable charge potential for Ti and 

TiO2 systems that is based on the charge-optimized many body (COMB) potential 

framework. We also carried out first-principles DFT calculations to determine the phase 

order of titania polymorphs and the elastic constants of brookite phase. The developed 

potential is fitted to, and captures most of, the structural, energetic and mechanical 

properties of Ti metal and various TiO2 polymorphs. In addition, we predicted defect 

formation energies and surface energies with the potential. The deficiencies of the 

potential include Ti surface energies, Ti interstitial formation energy, certain anatase 

and brookite elastic constants and larger energy differences for several high pressure 

and hypothetical titania phases compared to DFT calculations. The potential generally 

reproduces the surface energies of several low Miller index rutile, reconstructed rutile 

(110), and anatase surfaces. Combining the Ti/TiO2 potential developed in this work 

with the Cu/Cu2O
30 potential, we found the adsorption energies of Cu dimers, trimers, 

and tetramers on rutile (110) surface are generally overestimated compared to DFT 

calculations, however the adsorption geometries and trend of the adsorption energies 

are in reasonable agreement. The estimated energy barrier of a Cu dimer moving on 

the rutile (110) surface is also in agreement with experimental findings. Thus the COMB 

potential for Ti/TiO2 should prove to be adequate in modeling bulk and surface 

properties of TiO2 polymorphs. Additionally, the adsorption energetic and geometries of 

titania supported Cu clusters can be modeled in large-scale atomic level simulations.  
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Table 6-1.  Properties of Ti metal given by COMB Ti/TiO2 potential in comparison with 
experimental, DFT calculations and a MEAM potential. 

Properties Exp DFT + MEAM + COMB 

a0
* (Å) 2.951 2.948 2.931 2.933 

c0
* (Å) 4.684 4.667 4.678 4.754 

c0/a0 1.587 1.583 1.596 1.620 

Ec
* (eV/atom) -4.844 -5.171 -4.831 -5.077 

C11
* (GPa) 176 160 172 174 171 

C12
* (GPa) 87 160 82 95 88 

C13
* (GPa) 68 160 75 72 79 

C33
* (GPa) 191 160 190 190 186 

C44
* (GPa) 51 160 45 58 34 

C66 (GPa)  28 ++ 
 

24 

B* (GPa) 110 111 113 113 

G* (GPa) 52 47 55 38 

E (fcc-hcp) * (meV/atom) 60 159 58 39 58 

E (bcc-hcp) (meV/atom) 70 159 108 111 67 

Vacancy (eV/defect)  2.03 2.24 1.79 

Interstitial (eV/defect)  2.58 2.64 4.06 
I1 stacking fault (mJ/m2)   

 
124 

I2 stacking fault (mJ/m2) 300 158 287 170 248 

Extrinsic stacking fault (mJ/m2)   
 

227 

Unstable stacking fault (mJ/m2)  394 195 
 

371 

γ (0001) (mJ/m2) 

1920 196 

1939 1474 1260 

γ )0011(  (mJ/m2) 2451 1554 1308 

γ )0112(  (mJ/m2) 1875 1682 1643 
* Denotes fitted properties for the COMB potential 
+ DFT and MEAM values from Ref. [158] unless otherwise specified 
++ This work 
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Table 6-2.  Properties of rutile, anatase and brookite titania phases given by the COMB 
potential for Ti/TiO2 developed in this work in comparison with that from 
experiments, our first-principles calculations (values without superscripted 
references), a tight-binding method, and three other empirical potentials 

Rutile TiO2 

Properties Exp DFT COMB TB 157 SMB-Q 156 MS-Q 152 Matsui 

a0
* (Å) 4.594 4.646 4.594 4.594 4.581 4.587 4.493 

c0
* (Å) 2.959 2.970 2.961 2.958 2.966 2.958 3.008 

Ec
* (eV/TiO2)  -26.95 -26.77 -19.91 -19.90 -16.49 -39.80 

B (GPa) 218 197 205 198, 211 199 199 219 228 229 237 

G (GPa) 124 197 107 198, 136 199 125 113  87 116 

C11
* (GPa) 268 197 276 198, 270 199 299 290 293 294 322 

C12
* (GPa) 175 197 154 198, 172 199 156 178 203 202 230 

C13
* (GPa) 147 197 152 198, 147 199 121 160 164 168 147 

C33
* (GPa) 484 197 483 198, 468 199 398 399 400 423 444 

C44
* (GPa) 124 197 113 198, 116 199 130 118 128 96 123 

C66
* (GPa) 190 197 211198, 216 199 166 167 183 190 226 

q Ti (e)  2.26 3.22 2.03 2.51 1.15 2.196 

Anatase TiO2 

Properties Exp DFT COMB SMB-Q 156 MS-Q 152 Matsui 

a0
* (Å) 3.785 3.806 3.785 3.825 3.85 3.770 

c0
* (Å) 9.512 9.714 9.514 9.03 9.06 9.568 

Ec
* (eV/TiO2)  -27.03 -26.70 -19.84 -8.19 -39.49 

B (GPa) 59 – 178 152 180 199 164 220 176 176 

G (GPa)  57 199 103 
 

66 59 

C11
* (GPa)  336 199 354 

 
496 451 

C12
* (GPa)  139 199 53 

 
83 79 

C13
* (GPa)  136 199 87  118 103 

C33
* (GPa)  192 199 310  206 207 

C44
* (GPa)  49 199 95  51 25 

C66
* (GPa)  58 199 60  54 49 

q Ti (e)  2.24 3.23  1.12 2.196 

Brookite TiO2 

Properties Exp DFT COMB SMB-Q 156 MS-Q 152 Matsui 

a0
* (Å) 9.184 9.267 9.160 9.259 9.113 9.146 

b0
* (Å) 5.449 5.505 5.430 5.444 5.449 5.389 

c0
* (Å) 5.145 5.180 5.130 5.229 5.170 5.144 

Ec
* (eV/TiO2)  -26.99 -26.62 -19.65 -8.21 -39.62 

B (GPa) 179 152 192 177 227 211 200 

G (GPa)  125 102  83 92 

C11 (GPa)  274 264  272 262 

C12 (GPa)  141 132  177 183 
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Table 6-2. Continued 
Properties Exp DFT COMB SMB-Q 156 MS-Q 152 Matsui 155 

C13 (GPa)  165 114  165 165 
C22 (GPa)  278 288  319 332 
C23 (GPa)  136 97  164 124 
C33 (GPa)  291 348  301 273 
C44 (GPa)  101 97  90 99 
C55 (GPa)  104 114  97 113 
C66 (GPa)  90 177  141 158 
q Ti (e)  2.25 3.23  1.14 2.196 

* Denotes fitted properties for the COMB potential  
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 Table 6-3.  Cohesive energies of rutile titania (eV/TiO2 unit) and that relative to rutile 
titania for other polymorphs (including hypothetical AB2 polymorphs) 
calculated from COMB potential for Ti/TiO2 developed in this work in 
comparison with our first-principles DFT calculations and other empirical 
potentials 

Polymorph (space group) DFT COMB SMB-Q 156 MS-Q 152 Matsui 155 

Normal phases 

Rutile (P42/mnm) -26.949 -26.778 -19.90 -8.248 -39.798 

Anatase (I41/amd) -0.083 0.075 0.060 0.057 0.304 

Brookite (Pbca) -0.046 0.162 0.250 0.037 0.178 

High pressure phases 

Columbite (Pbcn) 0.006 2.564 - 0.074 0.035 

Cotunnite (Pnma) 0.107 4.476 - 0.553 0.914 

Baddeleyite (P21/c) 0.066 0.844 - 0.515 - 

Fluorite (Fm-3m) 0.775 1.031 - 1.020 0.580 

Hypothetical phases 

α-Quartz (P3221) 0.228 0.798 - - - 

β-Quartz (P6222) 4.296 1.512 - - - 

α-Cristobalite (P41212) 0.108 0.587 - - - 

β-Cristobalite (Fd-3m) 0.106 0.851 - - - 

Marcasite (Pnnm) -0.016 2.679 - - - 

HgCl2 (Pnma) 0.035 2.989 - - - 

 
Table 6-4.  Defect formation energies of bulk rutile. 
Defect Defect formation energies (eV/defect) 

COMB Potential Exp. 163 DFT 164 Matsui 

Oxidized 

( 2TiO

Ti +
22

1
O ) 

Standard 

(
Ti

Ti +
22

1
O ) 

Reduced 

(
Ti

Ti + 2TiO

O ) 

Ti interstitial 7.89 1.57 1.57 2.6 0.91 -19.90 
O vacancy 2.09 2.09 -3.02 2.1 1.19 9.45 
O interstitial 15.89 15.89 21.00 -- 3.06 0.14 
Ti vacancy 28.64 34.97 34.97 2.4 4.94 38.44 
Schottky 29.99 36.32 26.10 6.6 8.50 -- 
Cation Frenkel 33.02 5.0 7.05 -- 
Anion Frenkel 15.88 -- 6.90 -- 
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Table 6-5.  Defect formation energies at rutile grain boundaries. 

Defect 

Defect formation energies (eV/defect) 

COMB Potential 
DFT 169 

Oxidized Standard Reduced 

Schottky (mixed A) 14.88 25.26 4.03 3.11 
Schottky (clustered) 29.27 39.65 18.42 3.19 
Schottky (mixed B) 30.28 40.66 19.43 5.72 
Schottky (distributed) 30.00 40.38 19.15 6.02 
Cation Frenkel 6.33 3.05 
Anion Frenkel 13.37 12.30 

  
Table 6-6.  Coordination number analysis of Ti and O atoms from the rutile structures  

containing Schottky or Frenkel defects at the Σ5 (210) grain boundary. The 
numbers are percentages of the Ti or O atom (the coordination number 
indicated in parenthesis) relative to total Ti or O atoms, respectively. The 
“normal” column indicates the overall percentage of atoms that are normally 
coordinated (6 for Ti, 3 for O). 

Defects O (2) O (3) O (4) Ti (4) Ti (5) Ti (6) Normal 

Schottky (mixed A) 14.3 83.3 2.4 0.0 23.8 76.2 81.0 
Schottky (clustered) 14.3 85.7 0.0 4.8 19.0 76.2 82.5 
Schottky (mixed B) 19.0 78.6 2.4 7.1 19.0 73.8 77.0 
Schottky (distributed) 16.7 83.3 0.0 2.4 28.6 69.0 78.6 
Cation Frenkel 9.1 88.6 2.3 0.0 18.2 81.8 86.4 
Anion Frenkel 11.4 88.6 0.0 0.0 27.3 72.7 83.3 

 
Table 6-7.  Surface energies of rutile surfaces. 

(J/m
2
) 

COMB Ramamoorthy 
174

 
Humme
r 

171
 

Barnard 
170

 
Lazzeri 
172, 173

 
MS-Q 
152

 
SMB-Q 
156

 

Un-
relaxed 

Relaxe
d 

Un-
relaxed 

Relaxed Relaxed 
Relaxe

d 
Relaxe

d 
Relaxed 

Relaxe
d 

(110) 0.94 0.67 1.76 0.90 0.69 0.47 0.31 -- 0.68 

(100) 1.34 0.53 1.94 1.12 -- -- -- 2.17 0.85 

(101) 1.72 0.98 2.12 1.40 1.12 0.95 -- -- -- 

(001) 3.24 1.55 2.95 1.65 -- -- -- 1.86 1.74 

 
Table 6-8.  Surface energies of various reconstructed rutile (110) surfaces.  

Rutile (110) 
surfaces 

COMB (neutral) COMB (charged) DFT 

Un-relaxed Relaxed Un-relaxed Relaxed Un-relaxed Relaxed 

Pristine 0.94 0.67 0.94 0.67 0.97 0.50 

Missing row 1.30 - 0.54 2.22 1.14 1.26 0.51 

Added Ti2O3 4.42 - 0.05 6.18 1.35 5.10 0.15 

Extra row 9.15 0.20 9.51 2.44 5.82 0.55 
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Table 6-9.  Surface energies of rutile step (110) surfaces 

Step surface Surface energy from COMB (J/m2) 

Smooth [001]-O 0.47 

Smooth [001]-Ti 0.58 

Rough [001] 0.95 

       1.12 

Pristine (110) 0.67 

 

Table 6-10.  Surface energies of anatase surfaces. 

(J/m2) 

COMB Lazzeri 172, 173 Hummer 171 Barnard 170 MS-Q 152 

Un-
relaxed 

Relaxed 
Un-
relaxed 

Relaxed Relaxed Relaxed Relaxed 

(101) 2.44 0.59 1.28 0.44 0.41 0.35 -- 

(100) 3.15 1.18 1.59 0.53 0.51 0.39 1.34 

(103)f 3.79 0.71 1.50 0.83 -- -- -- 

(001) 4.01 0.73 1.12 0.90 0.96 0.51 2.04 

(103)s 5.60 1.72 2.40 0.93 -- -- -- 

(110) 4.46 1.34 2.17 1.09 -- -- -- 
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Table 6-11.  Adsorption bond lengths and energies (in bold) of Cu dimers, trimers, and 
tetramers on the (1x1) rutile TiO2 (110) surface. 

 
A B C D 

Cu2 

DFT 192 
Cu-Cu (Å) 2.42 3.02 2.36 2.53 
Cu-O (Å) 2.04 1.88 1.86 2.02 
Ead (eV) 3.07 2.57 2.54 2.27 

COMB 
Cu-Cu (Å) 2.19 3.23 2.19 2.09 
Cu-O (Å) 2.54 1.90 2.54 2.55 
Ead (eV) 4.30 4.26 4.20 3.28 

 

Cu3 

DFT 192 
Cu-Cu (Å) 2.32, 2.66 2.33, 2.61 2.36, 2.68 2.94 
Cu-O (Å) 2.00 2.46 2.10 2.10 
Ead (eV) 3.61 3.30 3.11 1.63 

COMB 

Cu-Cu (Å) 2.14, 2.27 2.15, 2.27 2.14, 2.27 3.00 
Cu-O (Å) 2.55 2.37 2.15 2.15 

Ead (eV) 4.89 1.36 3.31 2.15 

 

Cu4 

DFT 192 

Cu-Cu (Å) 2.37 2.36~2.43 

-- 

Cu-O (Å) 2.38 2.50 

Ead (eV) 3.69 3.30 

COMB 

Cu-Cu (Å) 2.21 2.23~2.39 
Cu-O (Å) 2.66 2.65 

Ead (eV) 4.19 1.60 
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A 

 

B 

 

C 

 

 
Figure 6-1.  Rutile structures containing Schottky or Frenkel defects at the Σ5 (210) 

grain boundaries relaxed with the COMB potential developed in this work: A) 
Schottky (mixed A configuration), B) Schottky (clustered configuration), C) 
Schottky (mixed B configuration), D) Schottky (distributed configuration), E) 
Cation Frenkel, and F) Anion Frenkel defects. Larger atoms are Ti; smaller 
atoms are O. Atoms are color coded by the coordination number: maroon=6, 
red=5, gray=4, green=3 and wood=2.  
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F 

 

Figure 6-1.  Continued 
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A 

     

B 

     

 
Figure 6-2.  Pristine and reconstructed rutile TiO2 (110) surfaces relaxed with the COMB 

potential developed in this work (left) and first-principles DFT calculations 
(right): A) pristine, B) missing row reconstructed, C) added Ti2O3 
reconstructed, and D) extra row reconstructed surfaces. Larger atoms are Ti; 
smaller atoms are O. Atoms are color coded by the coordination number: 
maroon=6, red=5, gray=4, green=3 and wood=2.  
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Figure 6-2.  Continued 
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Figure 6-3.  Relaxed geometries of rutile (110) step surfaces with the COMB Ti/TiO2 

potential developed in this work. A) Smooth O-terminated [001], B) smooth Ti-

terminated [001], C) rough [001], and D)        step surfaces. Large gray 
spheres are Ti, small red spheres are O; surface Ti atoms are highlighted 
large yellow spheres.  
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Figure 6-4.  Sphere representation of the (1x1) rutile TiO2 (110) surface viewing from 

the surface normal direction. Larger atoms are Ti; smaller atoms are O. 
Atoms are color coded by the coordination number: maroon=6, red=5, 
green=3 and wood=2. 
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A 
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C 

      

 
Figure 6-5. Adsorption geometries of Cu A) dimers, B) trimers, and C) tetramers on the 

(1x1) rutile TiO2 (110) surface. Atoms are color coded by the charge values 
indicated by the color bar. 

 

Ti(5c) O(3c) 

Ti(5c) O (3c) O(2c) O(2c) 

Ti(5c) O(2c) Ti(6c) O(2c) 
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Figure 6-6.  Potential energy surface of a Cu dimer moving on (1x1) rutile (110) surface 
along [001] direction for one surface unitcell. 
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CHAPTER 7 
CONCLUSIONS 

7.1 General Summaries 

An empirical, variable charge many body (COMB) potential has been developed 

for modeling multifunctional nanostructures composed of heterogeneous interfaces. The 

first-generation COMB potential function was designed to model the discrete bonding of 

covalent, metallic and ionic bonds in an integrated scheme.12, 40 In this work an 

improved, second-generation COMB potential is developed for Si/SiO2
16, Cu/Cu2O

37, 

Hf/HfO2
13 and Ti/TiO2

38 systems. The achievements of the second-generation COMB 

Si/SiO2 potential include the replacement of the unphysical treatment of long range 

Coulombics and improved the mechanical properties and phase stability of oxide 

polymorphs over the first-generation COMB potential. Another main achievement of the 

second-generation COMB potential is its use to describe amorphous oxide phases, 

which the first-generation COMB potential was unable to do. 

The oxygen parameters are exactly the same for SiO2, Cu2O, HfO2 and TiO2 

potentials. This is an important feature since it allows all elemental and oxide phases to 

be modeled in the same simulation cell. Therefore it is possible to model complex 

multifunctional nanostructures composed of heterogeneous interfaces in an integrated 

manner. These second-generation COMB potentials can be used in molecular 

dynamics simulations to investigate the structural, energetic and mechanical properties 

of the fitted semiconductor, metal and metal oxide materials, as well as the adhesive 

properties of their interfaces.  

In this work successful application of the COMB potentials to model 

heterogeneous interfacial systems include:  
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1. Atomic oxygen adsorption energetic on reconstructed Si (001) surfaces,  

2. Si nanocrystals embedded in amorphous silica matrix,  

3. Nanoindentation simulations of the Si/α-quartz, Si/a-SiO2 and Si/a-HfO2 systems,  

4. Adhesion of Cu/α-cristobalite, Cu/α-quartz and Cu/a-SiO2 interfaces, and 

5. Adsorption of Cu dimers, trimers and tetramers on rutile TiO2 (110) surface. 

The empirical, variable charge second-generation COMB potentials developed in 

this work are useful and powerful tools that will allow scientists and engineers to play in 

“The Modelers’ playground”, as described in Figure 1-1. With continued advancement in 

computer technology, real device-size multifunctional nanostructures can be modeled at 

the atomistic level with MD simulations using the COMB potentials, thus providing 

insights into the atomic-level properties of materials with technological significance. 

7.2 Ongoing Development of COMB Potentials 

An important aspect of an empirical potential is its computational efficiency. As 

discussed in Section 2.5 and presented in Table 2-1, the second-generation COMB 

potential is a relatively computational time intensive empirical potential function 

compared to others. For the COMB potential, approximately 75% of the computational 

time is taken by charge equilibration. Provided that charge equilibration efficiency is 

improved, for example by 30%, the overall computational efficiency of the COMB 

potential can be increased by 25%. Currently another charge equilibration method, the 

iterative matrix method, is being investigated. The objective of this alternative method is 

to increase the charge equilibration efficiency while at least retain the precision. Another 

approach to increase the overall computational efficiency is to utilize look-up tables for 

the values for the bond-order term. Instead of calculating the bond-order term (Section 

2.2, Equation 2-18) at each time step, the bond-order term is only calculated at the first 
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time step and a look-up table for subsequent time steps is generated. From preliminary 

tests by Devine, the short range charge independent calculation efficiency is increased 

by a factor of three. This method is currently being investigated to be implemented in 

LAMMPS software. 

The second-generation COMB potentials provide insights and foundations for the 

development of new potential functions for new elements and compounds. The author is 

participating in the development of COMB potentials for U/UO2, Zr/ZrO2, Zn/ZnO and 

Ti/TiN/TiO2. Other new COMB potentials include potentials for C/H/O systems. With the 

additions of these new potential functions, a wide range of multifunctional 

nanostructures and heterogeneous interfaces of significance and importance can be 

investigated with the COMB potentials. 
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APPENDIX 
POTENTIAL PARAMETERS FOR COMB POTENTIALS DEVELOPED IN THIS WORK 

The potential parameters for COMB potentials for Si/SiO2, Cu/Cu2O, Hf/HfO2 and 

Ti/TiO2 developed in this are given in Table A-1. The interaction cutoff radii and mixing 

rule scaling factors are given in Table A-2. 
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Table A-1. Potential parameters for COMB potentials developed in this work. 

 
Si O Cu Hf Ti 

A (eV) 1803.80 3326.699 952.693 707.5303 546.3860 
B (eV) 471.18 260.8931 146.987 55.94216 99.3916 

 (Å-1) 2.4799 5.36 2.794608 2.069563 2.0824 

α (Å-1) 1.7322 2.68 1.681711 0.959614 1.2263 
β 1.0999 × 10-6 2.0 0.140835 0.046511 0.089078 
n 0.78734 1 1 1.011011 1.255016 
m 3 1 1 1 1 
c 100390 6.6 0 0 0 
d 16.218 1 1 1 1 
h -0.59826 -0.229 0 0 0 
RS (Å) 2.8 2.6 3.15 3.8 3.27 
SS (Å) 3.0 3.0 3.35 4.0 3.57 
QL -4.0 -1.8349 -6.0 (-7.2) -4.0 -4 
QU 4.0 5.5046 2.0 (0.8) 4.0 4 
DL 1.651725 0.00148 0.16776 0.26152 2.508854 
DU -1.658949 -0.00112 -0.16100 -0.25918 -2.511416 
nB 10 10 10 10 10 
χ(eV) 0 5.63441 0 0 0 
J(eV) 3.62514 7.68960 5.946437 3.13952 2.46820 
K(eV) 0 4.51427 0 0 0 
L(eV) 0.08707 1.33008 0 0.00941 0.15135 
ξ 0.772871 2.243072 0.454784 0.679131 0.873685 
ρ1 -0.499378 -3.922011 0.72571 -3.928750 0.392632 
ρ2 2.999911 0.971086 0.274649 4.839580 1.78349 

MOMK 
(eV) 2.60 -- 0.007858 -- 0.202777 

OMOK 
(eV)

 0.3122 -- 2.518789 -- 0.403105 

MOM 
0cos

 
143.73 -- 109.47 -- 130.54 

OMO 
0cos  109.47 -- 180.0 -- 90.0 

LPK 1

 -- -- 0.077 -- -- 

LPK 3

 -- -- 0.0095 -- -- 

LPK 6

 -- -- -- 0.008 0.0084 

Kr -- -- -- -- 8.45 
E0 -- -- -- 0.16 -- 
γ -- -- -- 0.10 -- 
RΩ -- -- -- 0.14 -- 
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Table A-2. Cutoff radii and mixing rule scaling factors for short range interactions. 

 Si-O Si-Cu Cu-O Hf-X Ti-Si Ti-O Ti-Cu 

R (Å) 2.55 2.80 2.45 3.17 -- 3.15 4.35 

S (Å) 3.05 2.90 2.65 3.41 -- 3.35 4.55 

ΩA 1.0 1.276957 1.666072 1.0 1.0 1.326746 10.000363 

ΩB 1.0 0.452693 0.100000 1.0 1.0 0.088406 0.0981790 

Ωλ 1.0 1.032042 1.097775 1.0 1.0 0.969934 1.6622380 

Ωα 1.0 1.354486 0.584713 1.0 1.0 0.296577 0.1048210 
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