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ABSTRACT

Understanding radiation effects in silicon (Si) is of great technological importance. The ma-

terial, being the basis of modern semiconductor electronics and photonics, is subjected to

radiation already at the processing stage, and in many applications throughout the lifetime of

the manufactured component. Despite decades of research, many fundamental questions on the

subject are still not satisfactorily answered, and new ones arise constantly as device fabrication

shifts towards the nanoscale.

In this study, methods of computational physics are harnessed to tackle basic questions on

the radiation response of bulk and nanostructured Si systems, as well as to explain atomic-

scale phenomena underlying existing experimental results. Empirical potentials and quantum

mechanical models are coupled with molecular dynamics simulations to model the response of

Si to irradiation and to characterize the created crystal damage.

The threshold displacement energy, i.e., the smallest recoil energy required to create a lattice

defect, is determined in Si bulk and nanowires, in the latter system also as a function of

mechanical strain. It is found that commonly used values for this quantity are drastically

underestimated. Strain on the nanowire causes the threshold energy to drop, with an effect

on defect production that is significantly higher than in an another nanostructure with similar

dimensions, the carbon nanotube.

Simulating ion irradiation of Si nanowires reveals that the large surface area to volume ratio of

the nanostructure causes up to a three-fold enhancement in defect production as compared to

bulk Si. Amorphous defect clusters created by energetic neutron bombardment are predicted,

on the basis of their electronic structure and abundance, to cause a deleterious phenomenon

called type inversion in Si strip detectors in high-energy physics experiments. The thinning

of Si lamellae using a focused ion beam is studied in conjunction with experiment to unravel

the cause for the failure of the thinning method for very thin samples. Simulations predict a

mechanism of erosion of the structure which is observed as catastrophic shrinkage of the sample

in experiment.
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The results of the thesis contribute to the understanding of fundamental questions of radiation

effects in Si as well as provide explanations to known experimental conundrums. At the same

time, the results unambiguously indicate that further experimental testing is needed in order

to ultimately evaluate the accuracy of the theoretical predictions.
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1 INTRODUCTION

Silicon (Si) is at the heart of modern society. The brittle, dark-gray element, first isolated in

1823 by the legendary chemist Jöns Jacob Berzelius [1], was found to have a truly valuable

function through the invention of the semiconductor transistor in 1947 [2]. Today, there is

hardly any aspect of modern life which does not rely on the transistor. Our planet is swarming

with this tiny component, elemental to all electronics, totaling in amount more than ten billion

per person on average in 2010 and the number facing exponential growth [3]. Although Si is

not irreplaceable in this context, as other elemental semiconductors such as Ge and compound

semiconductors like GaAs are used also, it has become the most widely-spread semiconductor

due to its abundance in the crust of the Earth (∼28% of total mass [4]) and its particularly

convenient properties for manufacture of semiconductor electronics and photonics [5].

The success of Si technology is to the credit of an army of engineers, chemists, physicists, and

economists working over several decades, but there is no way around the fundamental key to

creating better and better devices: Understanding the material on the atomic scale. It is the

behavior of the Si atoms which determines how the material responds to its environment, how

to fine-tune its electronic and optical properties, and ultimately, how the gadget in our hand

functions [6; 7; 8]. This thesis is an attack on a long-standing open issue in the continuing

quest for understanding Si. Namely, what happens in Si on the atomic scale when the material

is subjected to energetic particle bombardment?

Originally, interest in how materials respond to energetic particle bombardment came about

through the rise of nuclear technology after the Second World War. Today, the motivation for

studying the radiation respose of Si spurs from the needs of the semiconductor industry [9].

However, the fundamental questions that the research seeks to answer have remained the same

through the decades, as these questions are applied to new systems in new contexts and more

precise information is sought on known phenomena. What is the minimum irradiation energy for

creating damage in the material? How much and what kind of damage is created by a certain

type of irradiation at a certain energy? How do the created defects affect the macroscopic

properties of the sample?

These questions come up in the processing of Si firstly because ion implantation through irradi-

ation, which unavoidably creates crystal damage, is a standard method of doping Si for building

integrated circuits [6; 7; 8]. Secondly, it has recently become clear on a more general level that

irradiation can be used to tailor and modify the properties of nanostructures in a beneficial way,

beyond just ion implantation [10]. Thirdly, many Si devices are used in environments where
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energetic radiation is omnipresent, such as radiation detectors on the inside of a high-energy

particle accelerator [11], or a photovoltaic cell in the solar panel of a satellite in space [12; 13].

As atomic-scale information on the kinetics and characteristics of radiation damage is often

difficult or impossible to obtain directly through experiment, other means must be employed

to study such phenomena. Computational physics has proven to be an effective tool for study-

ing radiation effects in solids. Molecular dynamics simulations [14; 15] present a theoretical

description of the time evolution of a system up to the microsecond time scale at the atomic

level, which encapsulates the regime of defect production through irradiation, not accounting

for relaxation and annealing processes on longer time scales [9]. Electronic structure calcula-

tions, through formulations such as density-functional theory, can be used to build a model

system starting from the basics of quantum mechanics and to extract not just the atomic but

also the electronic structure of a system [15; 16]. These methods are theoretical descriptions

of matter on the atomic scale, and they are used in attempts to access Nature where direct

experiment cannot be applied. Whether the atomistic descriptions they yield are realistic is

assessed by computing directly measurable properties and comparing these with experimental

results where possible.

In this thesis, computational methods are used to study radiation effects in bulk and nanos-

tructured Si. The most fundamental, yet simplest case of defect production in a solid, that

occuring at the minimum required recoil energy for creating crystal damage, is studied in de-

tail for the bulk phase of Si as well as for an archetypal nanostructure, the nanowire. The

effects of higher-energy particle irradiation are explored for the one-dimensional nanowire, the

two-dimensional lamella, and a Si strip detector.

This thesis presents a set of theoretical descriptions of the response of Si to irradiation. These

descriptions provide predictions for fundamental quantities related to irradiation as well as

explanations to known experimental puzzles. The insight thus gained makes the work a valuable

contribution to the understanding of radiation effects in Si.
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2 PURPOSE AND STRUCTURE OF THIS STUDY

The purpose of this study is to reduce uncertainty regarding the mechanisms of damage pro-

duction in Si and the effects of that damage on the properties of the material. The methods of

molecular dynamics simulation and electronic structure calculations are applied to model these

phenomena, which enables making new theoretical predictions for physical quantities as well as

explaining known experimental results.

The thesis is organized as follows. In this section, the original publications of the research done

for this study are summarized. The background for the work along with the relevant theoretical

foundations are presented in section 3. The methods used in the study are introduced in section

4. Results concerning the threshold energy for defect production in Si are presented in section

5, and this is followed by the results on higher-energy radiation effects in section 6. Finally,

conclusions are given in section 7.

2.1 Summaries of the original publications

Publications I-II deal with defect production in Si at the threshold displacement energy Td,

i.e., the minimum recoil energy required to create crystal damage in the structure. Publications

III-V are investigations into the kinetics and characteristics of radiation damage produced well

above the threshold, namely by energetic ion or neutron irradiation of Si.

Td in Si was determined using quantum mechanical simulations in publication I. In publication

II, the behavior of Td in a Si nanowire was studied as a function of mechanical strain on the

structure using classical simulations. The main conclusions of the paper come from a comparison

of Si nanowire to another nanostructure with similar dimensions, the carbon nanotube.

Moving then beyond defect production at threshold energies, publication III is a study on the

response of Si nanowires to energetic Ar ion irradiation using classical simulations. The last two

publications, IV and V, are attempts at providing answers to two vexatious questions in the

field of semiconductor materials physics. Publication IV presents a theoretical prediction of the

lattice defect responsible for a deleterious effect in Si strip detectors known as type inversion.

The study involved determining the electronic structure of amorphous defect clusters embedded

in crystalline Si. Finally, publication V is an attempt to explain why the conventional method

of preparing thin samples for transmission electron microscopy by using a focused ion beam

fails for very thin lamellae. The classical simulations for this publication were completed in

conjunction with state-of-the-art experiments.
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Publication I: Threshold defect production in silicon determined by density func-

tional theory molecular dynamics simulations, E. Holmström, A. Kuronen, and K. Nord-

lund, Physical Review B 78, 045202 (2008)

Td is the most important parameter in determining radiation damage in any ma-

terial. However, the value of this quantity is poorly known in Si. To reduce this

uncertainty, we employed density functional theory molecular dynamics simulations

to determine Td in Si. Td was found to be considerably higher than the values

typically used in predicting radiation damage in Si. Additionally, we found that

a fourfold-coordinated bond defect is created in most lattice directions at a lower

threshold than a vacancy-interstitial pair.

Publication II: Response of mechanically strained nanomaterials to irradiation:

Insight from atomistic simulations, E. Holmström, L. Toikka, A. V. Krasheninnikov, and

K. Nordlund, Physcial Review B 82, 045420 (2010)

The topic of this study was Td as a function of mechanical strain in various nanosys-

tems. The behavior of the Si nanowire in this respect was contrasted with carbon

nanotubes and graphene. For all of these systems, Td was found to decrease as a

function of strain as bonds are made weaker. However, as the nanowire is a bulk-

like structure filled with atoms in contrast to the planar-like structure of the carbon

nanotube and graphene, the decrease of Td is more dramatic for the nanowire as

straining not only weakens bonds but also creates more space for interstitials in the

core of the wire. Displacement barriers were found to be correlated with formation

energies of the respective defects.

Publication III: Enhancement of irradiation-induced defect production in Si

nanowires, S. Hoilijoki, E. Holmström, and K. Nordlund, Journal of Applied Physics 110,

043540 (2011)

The response of small-diameter Si nanowire to Ar ion irradiation was studied using

classical molecular dynamics simulations. For irradiation energies of up to 1 keV,

defect production in the wires was found to be up to 3 times higher than in bulk Si,

whereas for higher energies the transmission of ions resulted in a decrease of defect

production. The explanation for the enhancement effect was traced to the large

surface area to volume ratio of the nanowires.
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Publication IV: Amorphous defect clusters of pure Si and type inversion in Si

detectors, E. Holmström, M. Hakala, and K. Nordlund Physical Review B 82, 104111 (2010)

In this paper, we suggest an explanation for the so-called type inversion problem

of Si strip detectors in high-energy physics experiments. Using density functional

theory calculations to compute the defect ionization levels of amorphous clusters

of Si embedded in a crystalline Si matrix, such as produced by energetic hadron

irradiation in the detectors, we find that the defects act as acceptors of electrons in

the steady-state. Hence, they may be held at least partly accountable for the type

inversion.

Publication V: Atomic-scale effects behind structural instabilities in Si lamellae

during ion beam thinning, E. Holmström, J. Kotakoski, L. Lechner, U. Kaiser, and K.

Nordlund, accepted for publication in AIP Advances (2012)

In this paper, classical molecular dynamics simulations were used to model the

thinning of a Si lamella by a focused ion beam. The aim was to explain why the

widely-employed thinning process, used for preparing samples for transmission elec-

tron microscopy, fails for lamellae below a thickness of ∼20 nm. At high ion beam

energies, our simulations predict that this is because the interplay of amorphization

of the structure and surface tension on the face of the lamella being milled cause

the system to bend into the beam and ensuingly to erode at a catastrophic rate.

Experiments demonstrate that finite ion beam sharpness in turn forbids the use of

low milling energies.

2.2 Author’s contribution

The author set up and carried out all of the simulations and analysis in publications I, IV, and

V. In publication II, the author carried out the simulations and analysis on Si. The analysis

for publication III was partially carried out by the author. The author wrote publication I in

its entirety and did most of the writing for publications II-V.
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3 SILICON

This section gives an overview of Si in the areas that are relevant to the present thesis. First,

a general picture of the material is presented. Then, Si nanostructures are explored shortly.

Finally, the role of defects and their generation through irradiation is touched upon.

3.1 General properties

Si, the 14th element in the periodic table of elements, appears in ambient conditions as a brittle,

reflective, dark-shaded solid. On the atomic level, crystalline Si assumes the diamond crystal

structure (Fig. 1). The electron configuration of Si is 1s22s22p63s23p2, making it a tetravalent

element similarly to, e.g., C and Ge. Each atom in the lattice is bonded covalently to its four

neighboring atoms through the outermost s and p orbitals hybridizing into strongly oriented

sp3 orbitals. This way each atom has effectively a complete valence shell, and the structure is

at an energy minimum [6; 7; 17].

What makes Si a material for building electronic and photonic devices is the fact that it is a

semiconductor. In definition, this means that the quantum mechanically dictated energy levels

for the electrons in the crystal are such that there is a moderate1 forbidden band gap between

the valence and conduction energy bands of electronic states [6; 7; 17]. A schematic illustration

of the electron energy structure is presented in Fig. 2. A realistic determination of the band

structure of Si [18], showing the dispersion E = E(k) of the energy eigenvalues of the periodic

electron wavefunctions in the lattice, reveals that Si is an indirect band gap semiconductor, i.e.,

the smallest gap of ∼1.1 eV between the valence band and conduction band is not obtained at

a single point k in reciprocal space.

When the material is at finite temperature, the electrons in the crystal are statistically subject

to thermal excitations due to interaction with the lattice vibrations or phonons of the structure.

Hence, a fraction of the electrons will always occupy the bottom of the conduction band, and

correspondingly holes or empty states will be left at the top of the valence band. These excited

electrons and holes are able to conduct electricity when a voltage is applied across the sample

[6; 7; 17].

However, pure semiconductors have little use in applications. The potential for applications of

semiconductors such as Si is unleashed when the electronic structure of the material is modified

1Of up to a few eV. Band gaps larger than this characterize insulators [6].
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Figure 1: The conventional unit cell of the diamond crystal structure of Si. Each atom has four
nearest-neighbors at a distance of ∼2.35 Å. The lattice constant of the cubic cell is ∼5.43 Å at
room temperature.

E

E
d

E a

Figure 2: A schematic illustration of the band structure of Si near the forbidden energy gap
between the conduction and valence bands. When a trivalent impurity is inserted into the
lattice, an empty acceptor level Ea is created at the bottom of the gap. Insertion of a pentavalent
impurity results in the creation of a donor level Ed at the top of the gap. A hole in the
valence band and an electron in the conduction band are consequently created through thermal
excitation.
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by doping, i.e., the insertion of other species of atoms into the lattice sites, carried out by

diffusion or implantation. Replacing a single Si atom in the lattice with, e.g., P sets the extra

electron of the pentavalent P on an energy level close to the bottom of the conduction band.

Correspondingly, inserting a trivalent dopant such as B into the lattice creates an empty level

close to the top of the valence band (Fig. 2). An electron occupying the level close to the

bottom of the conduction band is easily excited thermally into the conduction band to become

a conduction electron. Similarly, an electron from the top of the valence band is easily excited

to a level lying at the bottom of the band gap, or equivalently a hole is excited into the valence

band. Hence, doping offers a way of controlling the concentrations of charge carriers, electrons

and holes, in the material.

The most significant advantage of doping is that it enables the creation of p-n junctions. These

are regions in the material where a zone with electrons and another with holes as the majority

of charge carriers are separated by a depleted zone with no charge carriers. The p-n junction is

the basis of such semiconductor applications as the transistor, light-emitting diode, and laser.

Generally, the energy levels created in the band gap by dopants may be occupied by either

type of charge carrier, giving rise to charge carrier trapping, recombination, and generation and

enabling optical phenomena such as enhanced photoluminescence and electroluminescene. It is

indeed the energy region of the band gap and its modification which makes Si a versatile and

useful material for building devices. With no exaggeration, it can be stated that the electronic

states lying in the gap give rise to all the interesting properties of a semiconductor [6; 7; 17].

3.2 Lattice defects

This section is a short overview of lattice defects and their creation in Si. First, some general

remarks are given. After this, the basic principles of how irradiation induces damage in solids

are introduced.

3.2.1 General remarks

The perfect Si crystal consists of Si atoms arranged in the diamond crystal structure. Any

entity in the lattice which causes the structure to deviate from this ideal case is termed a lattice

defect. Hence, the doping of a sample of Si by replacing a Si atom with an atom of another

type, as described in the previous section, constitutes a defect. This type of defect is called a

substitutional impurity. Other types of simple lattice defects are the single vacancy, which is

simply an empty lattice site, and the interstitial, which is an atom in between regular lattice
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(a) (b) (c)

Figure 3: Schematic representations of the most simple intrinsic (not involving impurities) point
defects in a crystal lattice: (a) the single vacancy, (b) the interstitial, and (c) the Frenkel pair.

sites. Such essentially zero-dimensional defects are called point defects. A vacancy-interstitial

pair is called a Frenkel pair (Fig. 3) [6; 7; 9; 17].

When the perfect crystal structure of Si is perturbed by a defect, not only the atomic, i.e.,

structural properties of the system are altered, but also the electronic properties change. In fact,

any lattice defect will alter the electronic structure of the material in the band gap energy range,

and as pointed out above, this is where all the interesting properties of the material originate.

Defects can additionally control diffusion of dopants and affect the mechanical properties of

structures. It is thus no surprise that defects in semiconductors have been under intense scrutiny

for decades [6; 7; 9; 17; 19; 20].

In real life there is practically no such thing as a perfect atomic lattice. In any bulk crystal

in thermal equilibrium at temperature T and pressure p, a given point defect will always be

present in the amount

N = N0e
−(Hf−TSf )/kBT , (1)

where N0 is the number of possible sites for the defect in the ideal lattice and kB is the

Boltzmann constant. Hf is defined as the difference in total enthalpy of the crystal before

and after a defect is formed, and Sf is the increase in entropy due to localized vibrational

modes introduced by the defect into the crystal. The quantity Gf = Hf − TSf is called the

defect formation free energy [7; 19]. In the present study, defect formation energies are often

calculated at T = 0 and p = 0, and hence Gf reduces to a difference Ef in the total energy

of a system with and without a defect. Besides the omnipresent equilibrium concentration of

defects, lattice defects can be created by energetic radiation incident on a sample, as will be

explained next.
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3.2.2 Crystal damage through irradiation

An energetic particle incident on a crystalline sample will penetrate the crystal while being

scattered through interactions with the target atoms. The projectile loses its kinetic energy

through elastic two-body collisions with the nuclei of the target atoms and through excitation

of the electronic system through inelastic collisions. The energy loss of a particle traversing the

crystal is described by the nuclear and electronic stopping power, for energy lost through the

channel of elastic and inelastic scattering, respectively [9; 17; 21]. Generally, nuclear stopping

dominates at low ion energies and electronic stopping at high energies, the breaking point being

at ∼100 keV / atomic mass unit [10].

The elastic scattering of the projectile from the nuclei of the target atoms entails kinetic energy

transfer to the atoms. It may then happen that an atom in the lattice receives an amount of

kinetic energy that is high enough to cause the formation of a lattice defect. The simplest pos-

sible point defect (excluding bond defects, see section 5.1) formed by irradiation is the Frenkel

pair. At the energy ranges studied in the present thesis, the damage to the crystal created

through excitation of the electronic system is generally considered insignificant in comparison

to damage created through energy transfer to the atomic nuclei [9; 10; 21].

Eventually, provided the sample is thick enough, the incident particle will lose all of its kinetic

energy to the target and come to a rest. This could happen at a range of ∼1 nm for a 1 keV Si

ion incident on Si, or at ∼1 µm for a MeV electron. The damage remaining in the crystal after

the projectile has lost its kinetic energy and the region of interest has cooled down is called the

primary state of damage [9; 21]. The focus of the present thesis extends from the beginning of

the irradiation event to this stage of damage production in Si.

The type of damage the projectile creates is mainly dictated by the amount of kinetic energy

it is able to transfer to the target nuclei in collisions. Requiring conservation of energy and

momentum in a classical elastic collision between particles of mass m1 and m2 with the former

having a initial kinetic energy of E1 yields the expression

Tmax =
4m1m2

(m1 +m2)2
E1 (2)

for the maximum energy transfer. Hence, the larger the difference between masses m and M ,

the smaller the fraction of kinetic energy transferred to the target in a single collision. This

leads to high-energy electrons (for which a relativistic correction to eq. 2 is necessary) creating

mainly isolated Frenkel pairs, whereas incident ions with mass comparable to that of the target

atoms may induce chain-reactions of atomic collisions and displacement events in a small volume



15

(a) (b) (c)

Figure 4: Schematic illustrations of zero, one, and two-dimensional Si nanostructures. (a) The
nanoisland, (b) nanowire, and (c) nanofilm.

termed collision cascades [9; 21]. This thesis comprises research on damage production at the

very threshold for creating Frenkel pairs as well as the effects of more energetic ion and neutron

irradiation on Si.

3.3 Nanostructures

Nanotechnology, the design, fabrication and characterization of novel structures with at least

one dimension having size < 100 nm, is a strongly growing field which is widely believed to

become the basis of the next industrial revolution [22]. Schematic examples of common Si

nanostructures confined in one, two, or all three spatial dimensions are presented in Fig. 4. The

essentially zero-dimensional nanoisland of Fig. 4(a), possibly buried in a surrounding matrix,

is an example of a quantum dot, an entity whose planned applications lie predominantly in

photonics [23; 24] and imaging of biological systems [25]. The potential of the one-dimensional

nanowire (NW) shown in Fig. 4(b) has been demonstrated in a range of applications including

transistor [26; 27], chemical sensor [28; 29], and battery technology [30; 31]. The third example,

the two-dimensional thin lamella or nanofilm of Fig. 4(c), is a structure encountered in thin film

solar cell technology [32; 33] and in the context of this thesis in the preparation of Si samples

for transmission electron microscopy imaging.

There are two primary points which cause the properties of nanostructures to deviate from those

of conventional bulk structures and thus make them special and useful. Firstly, as system size

decreases, the proportion of atoms on the surface of the structure increases. This is illustrated

in Fig. 5, where the ratio of the number of surface atoms as well as the number of atoms below

the surface to the total number of atoms is plotted as a function of the radius of a sphere

composed of atoms. The former quantity is known as the surface area to volume ratio (SVR)

of a structure [34]. The consequence of the large SVR of nanostructures is that surface-related

effects are pronounced in these systems.
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Figure 5: The percentage of atoms in the first surface layer and below the surface (bulk) of a
spherical cluster of atoms as a function of radius of the cluster. Here it is assumed that the
atomic layer is 0.15 nm thick.

Secondly, as system size is reduced to the nanoscale, quantum confinement effects start to

appear. A simple example illustrating this point is the energy spectrum of the well-known

model system “particle in a box” [35]. Scaling down the box size causes the spacing between

the energy levels of the particle to increase, whereas the states of a particle in an infinitely

large box would display a continuous spectrum of energy levels (Fig. 6). It is these two factors,

pronounced surface effects and quantum confinement, which form the basis of many interesting

nanotechnological applications, including many of the ones mentioned above.

The properties of Si nanostructures may be tailored in various ways [10]. One example is

applying mechanical strain to alter the band structure of Si NW [36; 37]. Another is the ion

implantation of impurities into NW to produce a desired doping profile [38; 39] or to change the

crystal structure of the wire [40; 41]. As a third example, a lamella may be thinned using ion

beam milling [42; 43]. In the present thesis, radiation effects in nanostructured Si are considered

in these three contexts.
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Figure 6: A schematic showing the first ten energy levels of a particle in a one-dimensional box
as a function of the reciprocal box size. The smaller the box, the larger the gaps between the
states become.
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4 METHODS

This section is an overview of the methods used in the study. First, density functional theory

(DFT) is presented. After this, molecular dynamics is introduced, both in the ab initio2 and

the classical flavor. Finally, remarks on simulating radiation effects in solids are given.

4.1 Density functional theory

A system of atomic nuclei and the electrons surrounding them presents a quantum mechanical

many-body problem that cannot be solved analytically [35]. Fortunately, computational ab

initio methods such as DFT can be used to tackle the Schrödinger equation of a many-body

system numerically through certain approximations. The relatively efficient implementation of

DFT and in its impressive track record in many topics in condensed matter physics [16; 44; 45;

46; 47] have established it as the most popular ab initio method in solid state physics today.

As an inherently quantum mechanical approach, DFT can be employed to yield a rigorous

description of matter on the atomic scale [15; 16].

DFT is founded on two theorems, the first of which says that, instead of solving for the full,

many-body wavefunction of the system, it is enough to find the electron density ρ = ρ(r) from

which all ground state properties can then be obtained. The second theorem states that the

total energy of the system can be written as a functional E = E[ρ(r)], and that the correct

ground state density ρ0(r) minimizes this functional. DFT is based on the Born-Oppenheimer

approximation3, which essentially means that the nuclei are considered fixed and the electrons

are indeed always in their ground state [15; 16].

What the theory needs next is a practical implementation. This is provided by the Kohn-

Sham approach, where the true system under study is replaced with an auxiliary system of

fixed nuclei and non-interacting electrons. This fictitious system is constructed with only one

purpose, which is to give the correct ground state electron density for the system. The total

energy functional is written as

E[ρ(r)] = T [ρ(r)] +

∫

drρ(r)Vext + EHartree[ρ(r)] + Exc[ρ(r)], (3)

2 The latin phrase “ab initio” translates as “from the beginning”, here implying an approach starting from
the fundamentals of quantum mechanics and utilizing no empirical information on the system in question.

3Time-dependent DFT is an extension of DFT to excited states [16]. This approach is, however, beyond the
scope of the thesis.
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where T is the kinetic energy of the electrons, Vext is the external potential that the electrons

feel (e.g., from the nuclei), and EHartree is the electrostatic interaction of the charge density

with itself. All the quantum mechanical many-body exchange and correlation effects of the

electrons are contained in the term Exc. Minimizing E[ρ(r)] with respect to ρ(r) is equivalent

to solving a set of Schrödinger-like equations for the system called the Kohn-Sham equations:

(

−
∇

2

2

+ vHartree(r) + vext(r) + vxc(r)

)

φi(r) = ǫiφi(r). (4)

Here each potential term v is the functional derivative of the corresponding energy term in Eq. 3

with respect to ρ(r), and φi(r) denotes the one-particle electron orbital labeled i. The essence of

a DFT calculation is solving this set of eigenvalue equations through numerical iteration [15; 16].

The Kohn-Sham approach is so far exact, but unfortunately the correct form of Exc is not

known. Choosing the form of this term becomes a crucial part in designing a DFT calculation.

In the present study, systems of hundreds of atoms were studied, which is a very large size

for a quantum mechanical simulation. Hence only the simplest forms of Exc, the local-density

(LDA) and the generalized gradient approximation (GGA), were affordable. Further approx-

imations in the calculations included expanding the non-interacting, single-particle electron

orbitals in terms of a planewave basis [48] or in terms of hydrogen-like atomic orbitals [49].

Also, throughout the study, the real Coulomb potential of the atomic nucleus was replaced

with a pseudopotential. In this approximation, the Coulomb potential of the nucleus and the

effects of core electrons are replaced with an effective potential for the valence electrons. Thus,

the number of electrons in the calculation is reduced, as only the valence electrons, which are

responsible for most of the interesting properties of materials, are treated [15; 16].

4.2 Molecular dynamics

This section is on the method of molecular dynamics (MD) simulation, which is employed

throughout the study. First, general remarks on MD are given. After this, implementation of

the approach first in the ab initio and then the classical flavor are discussed. Finally, simulating

radiation damage in solids using MD is elaborated on.

4.2.1 General remarks

MD is a numerical method for modeling the time evolution of a system of N particles as

described by a given interaction model. At each step in an MD simulation, forces acting on the
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particles, in this case atoms, are calculated from the interaction model, and the corresponding

Newtonian equations of motion are integrated numerically forwards a small time step of ∆t.

Performing a series of such steps in succession gives the development of the atomic coordinates

and velocities as a function of time. MD can thus be used to give a theoretical picture of the

behavior of matter on the atomic scale, typically at a length resolution of Å (10−10 m) and time

resolution of fs (10−15 s) [14; 15].

As such spatial and temporal scales are never simultaneously, if at all, accessible to experiment,

MD can yield valuable insight that may be used to explain known experimental results and to

predict values for physical quantities outside the realm of direct measurement. The power of

the method has been illustrated in various problems of condensed matter physics [50; 51; 52; 53;

54; 55]. In this study, MD is used to study the kinetics of defect production through irradiation

in Si, a topic where the method has previously proven useful [56; 57; 58; 59; 60]. Ultimately,

the value of any theoretical prediction is decided upon comparison with experiment. Validation

of the description given by an MD simulation is performed by computing directly measurable

experimental properties where possible and comparing these with experimental results.

The interaction between atoms in an MD simulation can be modeled in a variety of ways,

using, e.g., ab initio calculations, a tight-binding scheme, or empirically constructed analytical

potentials in what is called classical MD. In the following, the two varietes of MD used in the

present study, ab initio and classical, are presented.

4.2.2 Ab initio molecular dynamics

When quantum mechanical ab initio methods are used to provide the interaction model between

constituent particles in an MD simulation, the scheme is termed ab initio or quantum MD. In

the present study, DFT was coupled with MD in this manner. The forces acting on nuclei are

obtained using the Hellmann-Feynman theorem [61], which states that for a general parameter

λ, a Hamiltonian Ĥ, its wavefunction Ψ, and the corresponding energy eigenvalue E,

∂E

∂λ
=

∂

∂λ
〈Ψ|Ĥ|Ψ〉 = 〈Ψ|

∂Ĥ

∂λ
|Ψ〉. (5)

By setting λ = XI , where XI is the x-component of the instantaneous position of the nucleus

labeled I, we get the force acting on that nucleus in the x-direction as

FXI
= −

∂E

∂XI

= −〈Ψ|
∂Ĥ

∂XI

|Ψ〉. (6)
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The beauty of this expression is that we do not need to evaluate the variation of the energy

E itself with respect to position, but instead only the expectation value of the differential of

Ĥ is needed. Knowing the forces acting on nuclei, the Newtonian equations of motion for the

particles can be solved using any standard MD integration algorithm [16; 62].

As stated above, DFT is built on the Born-Oppenheimer approximation, which means that

the electrons stay in their ground state. For each time step, the instantaneous ground state

density of the system is determined for the configuration of fixed nuclei. Hence, excited states

are not possible within this theoretical scheme, and phenomena such as electronic stopping

and electron-phonon coupling [63] are left out. Nevertheless, when dealing with atomic kinetic

energies of at most tens of eV as in the present study with DFT MD, energy deposited into

the electronic system through electronic stopping would be small in comparison to nuclear

stopping [10] and can hence be neglected. The absence of electron-phonon coupling is known

to cause the underestimation of heat transfer [63], but the small systems size and the artificial

coupling to a heat bath (see section 4.2.4) in the current study are likely to overwhelm this

shortcoming.

4.2.3 Classical molecular dynamics

The practical downside of ab initioMD is that it comes with a heavy computational cost limiting

the number of atoms in the system to some hundreds at most. Many interesting phenomena

in solid-state physics involve much larger numbers of atoms, and hence more efficient ways of

calculating forces on the atoms are needed. Classical MD offers such alleviation by using an

analytical potential V for computing the interaction energy between particles [14; 62]. Trading

the quantum mechanical description of the system for an effective potential energy function

naturally means a loss in the level of physical description of the system, but the gain in efficiency

can be enormous. Classical MD has so far allowed the modeling of systems of up to hundreds

of billions of atoms with reasonable accuracy [64].

The total potential energy for a system of atoms can be broken down into the cluster potential

expansion [14; 62],

V =
∑

i,j

V (ri, rj) +
∑

i,j,k

V (ri, rj, rk) + ... (7)

Here the total energy of the system of N particles is obtained by summing over the explicit

pairwise interactions, three-body interactions, and so on. Forces are then obtained on each
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particle i through

Fi = −∇iV. (8)

For describing a material with strongly oriented covalent bonds such as Si, a three-body poten-

tial, i.e., a potential including the first two terms in Eq. 7 is needed. In this study, we employ

the Stillinger-Weber [65] (SW) potential, which is precisely of this form. In addition, we use

the Tersoff [66] (TS) potential, which is based on a bond order formalism, with the strength

of bonds decreasing with increasing coordination. This potential does describe three-body in-

teractions, although they are not explicitly visible in the functional form. Also, we employ

the Environment-Dependent Interatomic Potential (EDIP) [67], which is in a way a hybrid of

SW and TS, having the same basic form as SW but with local atomic coordination, i.e., the

number of bonding neighbors, taken into account in the strength of the interaction. Of the

approximately 30 published Si potentials [68], these three are the most established ones.

The various parameters in these potentials have been fitted to experimental or ab initio data

such as the lattice constant, elastic constants, cohesive energy, melting point, and defect for-

mation free energies of the material. Fitting a potential to equilibrium properties of a material

does not, of course, guarantee that it will describe non-equilibrium phenomena such as recoils

due to irradiation with any precision. This problem is part of the larger issue of transferabil-

ity, which means applying with success the interaction model to situations for which it has

not been explicitly parametrized for. Whereas ab initio models are transferable by definition,

classical potentials have to be carefully tested and evaluated for each new phenomenon to be

simulated. It has often turned out, however, that potentials such as SW and TS can describe

irradiation-related quantities with reasonable accuracy [56; 57; 69; 70].

4.2.4 Simulating defect production in solids using molecular dynamics

Studying the atomic-scale evolution of a material under irradiation over the ps time scales

relevant to the creation of primary radiation damage is a problem where direct experimental

measurement is not a thoroughly feasible approach. For example, no empirical methods exist

which would allow the direct detection of a single, isolated Frenkel pair in a solid bulk sample.

For a regular bulk sample, the creation of damage in the structure may be inferred indirectly

through the measurement of change in some macroscopic property such as electrical conduc-

tivity [71] or charge carrier lifetime [72] during irradiation. For thin samples, an atomic-scale

image may be produced through transmission electron microscopy [73; 74] before and after an

irradiation event. However, to really“see”what is happening on the atomic scale as an incoming
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energetic particle strikes a lattice atom and primary damage is being created, we need to invoke

computational physics. Certainly, the picture that simulation methods such as MD give us of

these atomic-scale events is a theoretical one, but the better the interaction model we employ

and the more closely the simulation data matches experiment where comparison is possible, the

stronger the credibility of the description we obtain.

To describe the evolution of energetic recoils in atomic structures, a number of additional

techniques are implemented into the basic MD algorithm presented above. The most important

ones of these are shortly presented here, as implemented in the PARCAS [75] code which was

used for MD integration throughout the study.

The time step ∆t needs to be small enough that energy and momentum are conserved during

the numerical integration, yet large enough that the simulation does not take too long to

complete [14; 15]. In PARCAS, this condition is fulfilled by choosing ∆t for the next iteration

of integration as

∆tnew = min(
kt

vmax

,
Et

Fvmax

, 1.1∆tprevious), (9)

where kt is a proportionality constant, vmax is the maximum velocity of an atom, Et is again a

constant, F is the total force on the atom of maximum velocity, and ∆tprevious is the time step

of the current iteration.

In order to mimic an infinite crystal using a finite number of atoms, periodic boundary condi-

tions are applied at the borders of the simulation cell. This means that an atom crossing the

border will appear on the opposite side of the cell, and that all interactions reach seamlessly

across the borders. Hence, the cell must be large enough to prevent unwanted self-interaction

of, e.g., defects through strain fields in the cell.

Finally, the simulation cell is often coupled to a heat bath by employing a thermostat algorithm.

This means that the energy deposited into the cell by an energetic recoil or an incoming ion is

artificially sucked out from the system. In PARCAS, this is done using the algorithm proposed

by Berendsen [76], where the velocities of the atoms subject to the thermostat are all scaled by

a constant corresponding to the rate equation

dT

dt
=

T0 − T (t)

τ
. (10)

Here T (t) is the instantaneous temperature, T0 is temperature towards which the scaling pro-

ceeds, and τ is a time constant for setting the strength of the coupling. Typically, the thermostat
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is applied to a few atomic layers off the border of the simulation cell, to mimic heat conduction

into the bulk surrounding the events of interest.
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5 THRESHOLD DISPLACEMENT ENERGY IN SIL-

ICON

The most elementary case of defect production through irradiation in a solid is considered to

be the creation of a single Frenkel pair. The minimum amount of kinetic energy that, when

assigned to a lattice atom, results in the production of a single Frenkel pair is called the threshold

displacement energy, Td. In other words, when a lattice atom acquires a recoil of kinetic energy

of amount T < Td, the lattice will remain intact. Conversely, for T ≥ Td, at least one stable

vacancy-interstitial pair will be created. Td is arguably the most crucial parameter in predicting

defect production in any material, and as such it is used as critical input in models of crystal

damage production in solids [9; 77; 78; 79]. In this section, research on Td is presented, first in

Si bulk and then NW. The work was originally published in publications I and II as well as in

Ref. [80].

5.1 Bulk silicon

The problem of detecting defects experimentally, as discussed in section 4.2.4, as well as other

experimental uncertainties such as finite electron beam sharpness and surface effects [81] have

made determining Td in Si experimentally a notoriously difficult task. Results in bulk Si previous

to the present study [72; 82; 83; 84; 85; 86; 87; 88] are presented in Fig. 7. Due to the anisotropy

of the crystal lattice, Td is in fact a direction-dependent quantity, i.e., Td = Td(θ, φ), where (θ, φ)

define the direction of the recoil in spherical coordinates. Values for two distinct quantities are

hence presented here: The global minimum of Td and the average of Td over all lattice directions.

The results are strongly scattered for the minimum and extremely sparse for the average of Td.

Experimental results have been complemented by computational results, but the average of Td,

which is particularly important for predicting radiation damage, has in practice been left to a

community convention of 25 eV, meaning its value is in fact unknown [87].

We set out to reduce this uncertainty in Td by using both DFT MD and classical MD. Td was

calculated in a given direction (θ, φ) by performing a set of recoil simulations on an initially

static lattice. In this procedure, one of the atoms was first assigned a very low-energy recoil T

(here 8 eV) in the direction (θ, φ), and MD was run until the system had cooled down through

a Berendsen thermostat. If the system was intact at the end of the simulation, we increased

the recoil energy slightly (by for example 1 eV) and performed another recoil simulation. This

procedure was repeated until at the end of the simulation we found a Frenkel pair in the system,

which signaled that T had reached Td(θ, φ).
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Figure 7: Results for Td in Si prior to the present study. The deviation of the results is
remarkable, and there is only one determination for the average of Td over all lattice directions.
Abbreviations for journals are as follows: Physical Review (PR), Journal of Applied Physics
(JAP), Physical Review B (PRB), Nuclear Methods and Instruments in Physics Research B
(NIM B), Soviet Physics Semiconductors (SPS). Abbreviations for methods are as in the text
and additionally as follows: Experiment (expt), tight-binding (TB).
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Dumbbell

interstitial

(a) Tetrahedral

interstitial

(b) Hexagonal

interstitial

(c) Vacancy(d) Bond defect(e) Frenkel pair(f)

Figure 8: Visualizations of the basic point defects in Si as predicted by LDA DFT simulations.
The Frenkel pair depicted in (f) consists of the vacancy (d) and the tetrahedral interstitial (b).

Using this approach, Td was calculated separately in the lattice directions 〈111〉 and 〈100〉,

which are orientations often studied in experiment, and over a number of randomly selected

directions to get the average of Td, denoted from here on by T av
d,ave. For this task, DFT was

affordable within the LDA and GGA approximations to the exchange and correlation energy.

SW, TS, and EDIP were the classical potentials employed for the present task.

There are three theoretically established configurations for the Si self-interstitial, meaning a

Si atom in an interstitial position in the Si lattice: The dumbbell, tetrahedral, and hexagonal

interstitial [89]. The neutral vacancy in Si is calculated to have a structure where the atoms

surrounding the empty lattice site relax inwards slightly [90]. A Frenkel pair created by a

recoil in the lattice can in principle consist of any of these types of metastable interstitial

configurations and the monovacancy. Studying the end states of the simulations revealed also

that another type of defect, the fourfold-coordinated bond defect which was proposed relatively

recently [91; 92; 93], was formed in most studied lattice directions with a lower recoil energy than

a Frenkel pair. Hence, two different average values for Td were determined, one for creating

a Frenkel pair (T av,FP
d,ave ) and another one for creating either a Frenkel pair or a bond defect

(T
av,FP/BD
d,ave ). The forementioned point defects are visualized in Fig. 8.

The results for Td are presented in Table 1. Focusing first on the DFT results, it is found that the

minimum of Td is ∼13 eV. This agrees well with the experimental value of 12.9±0.6 eV obtained

by Loferski and Rappaport [72] (see Fig.7), which, while not being the only experimental value

available, is generally the most trusted one for the onset of damage in Si. Additionally, our

result of ∼21 eV in the 〈100〉 direction agrees well with the experimental value of 21 eV obtained

by irradiation along the same direction by Corbett and Watkins [82]. This agreement with

experiment implies that our model is accurate for predicting Td in Si, and hence the value

of ∼36 eV obtained for T av,FP
d,ave can be considered reliable. This value greatly overshoots the

community convention of 25 eV. In fact, when predicting damage production in Si, values as

low as 13 and 15 eV appear in the literature [13; 78], possibly due to confusion between the

minimum and average of Td. The consequences of adjusting the value of Td in models of defect
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production are noticeable. Taking the popular SRIM [78] code based on the binary collision

approximation [9; 94] as an example, the number of vacancies created by a 10 keV implantation

of Si into Si is predicted to be ∼100 and ∼300 for Td = 13 and 36 eV, respectively.

Table 1: Td in eV calculated within the LDA and GGA schemes of DFT and with the classical
potentials SW, TS and EDIP. A and B denote the closed and open 〈111〉 directions, respectively.
Errors in the DFT values are divided into systematic errors due to the step size in the recoil
energy iteration and scaling down the simulation cell size, and to statistical errors, which is
the standard error of the mean for each case. For the classical results of the average, the cell
size and number of studied directions is large enough to warrant the use of only the statistical
error estimate, whereas for the directional thresholds the error comes from the step size of the
energy iteration. The data is from publication I and Ref. [80].

LDA GGA SW TS EDIP

〈111〉(A) 14.5± 1.5SY ST 14.5± 1.5SY ST 20.5± 0.5 15.5± 0.5 15.5± 0.5

〈111〉(B) 12.5± 1.5SY ST 12.5± 1.5SY ST 17.5± 0.5 10.5± 0.5 11.5± 0.5

〈100〉 20.5± 1.5SY ST 19.5± 1.5SY ST 23.5± 0.5 9.5± 0.5 14.5± 0.5

T
av,FP
d,ave 36± 2STAT ± 2SY ST 35± 4STAT ± 2SY ST 28.95± 0.15 18.67± 0.10 16.23± 0.06

T
av,BD/FP
d,ave 24± 1STAT ± 2SY ST 23± 2STAT ± 2SY ST 20.08± 0.14 17.54± 0.08 13.31± 0.07

As regards the classical potentials, there are considerable differences between different poten-

tials, and none of the three interaction models yields good overall agreement with the DFT

results. This general observation of a large discrepancy between different classical potentials

and between classical potentials and DFT is similar to the case of SiC [95; 96]. In the present

study, SW gives T av,FP
d,ave ≈ 29 eV, which signals the best, yet modest agreement with the quan-

tum mechanical calculations. However, as discussed in section 4.2.3, MD simulations are much

faster to perform using classical interaction models in place of quantum mechanical ones. When

determining T av
d with DFT, less than 100 randomly chosen lattice directions were affordable,

whereas the classical potentials allowed probing thousands of directions. The latter method

thus allowed for an accurate mapping of the threshold energy surface Td(θ, φ), which is pre-

sented in Fig. 9. While such a graphical presentation is not practical for extracting values for

Td(θ, φ), it does give an overview of what the function looks like. All three potentials predict

that displacing an atom along the 〈111〉 direction is easiest, while Td rises quite sharply in in-

termediate lattice directions. As reflected in the values of T av
d,ave for each potential, EDIP gives

indeed the lowest threshold energy surface and SW the highest.

Finally, when studying the end states of the DFT simulations, it was found that the created

Frenkel pairs consisted of a tetrahedral interstitial and the monovacancy in ∼75 % of all cases.

As reported earlier [97], this type of Frenkel pair was also here found to have the lowest formation

energy, although the dumbbell is the ground state for the isolated interstitial. An example of
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Figure 9: Td(θ, φ) in Si calculated using EDIP, TS, and SW. After Ref. [80].

the sequence of events leading to the creation of such a Frenkel pair is visualized in Fig. 10,

where the electron density in the plane of the atomic recoil is shown also.

5.2 Silicon nanowire

What happens to Td when, instead of bulk Si, we consider a Si nanostructure? This question

was studied for a small-diameter Si NW, an archetypal one-dimensional nanostructure where

the fraction of surface atoms is comparable to that of bulk atoms. As stated in section 3.3,

successful ion implantation of dopants into Si NW has already been demonstrated [38; 39]. It

is also forseeable that the structure finds its way into radiation-rich enviroments such as open

space in, e.g., the solar panel [98; 99] of a satellite. Therefore, it is of technological interest

to study the fundamentals of radiation damage in the structure. Moreover, since mechanical

strain has been predicted to allow the tailoring of the band structure of such systems [36; 37],

we performed the determination of Td as a function of longitudal strain, ǫ, on the NW.

The simulated NW was 4 nm in diameter and 10 nm in length with periodic boundaries applied

at the ends. The longitudal axis was perpendicular to 〈111〉, and the NW had a hexagonal cross

section, as visualized in Fig. 11(a). There are six inequivalent lattice sites on the reconstructed

surface of the structure, shown in Fig. 11(b). The pristine system is composed of ∼8300 atoms,

thus using classical MD was the only viable option for studying Td in the NW. Since it was

found in the previous section that SW gives the closest value to DFT for T av
d,ave, this potential

was chosen for modeling the Si-Si interactions.

As with bulk Si, we studied the minimum of Td and T av
d,ave in the core of the NW, which assumes

the conventional diamond structure of Si. However, as the system now included a surface, the
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Figure 10: Visualization of a recoil event leading to the formation of a Frenkel pair with a
tetrahedral interstitial. The atom labeled “1” is assigned a kinetic energy of 18 eV in a recoil
directly towards atom“2”. The events proceed from left to right starting from the top. Coloring
is by electron density, where red is low. From publication I.

threshold energy for sputtering, i.e., ejecting atoms from the system was studied as well. All

of these threshold energies were determined in the range of ǫ = 0.0 to 0.1. Additionally, the

defect formation enthalpies of various point defects relevant to the dynamical simulations were

calculated for the same range of ǫ, in order to assess possible correlation with Td.

As the NW is strained, both the minimum of Td and T av
d,ave in the core of the NW fall approx-

imately linearly, the latter falling by ∼30 % for ǫ = 0.1 (Fig. 11(c)). Correspondingly, the

threshold energy surface becomes more and more isotropic towards ǫ = 0.1 (Fig. 12), Td(θ, φ)

being smeared out from the initial range of ∼20-60 eV to ∼10-30 eV. The threshold energies

for sputtering atoms off the six inequivalent sites on the surface were, however, found to remain

approximately constant as a function of ǫ. These trends for the core of the NW are correlated

with the general trend of the formation enthalpies of Frenkel pairs in the core of the NW,

visualized in Fig. 11(d), which are found to decrease towards ǫ = 0.1. Correspondingly on the

surface, the energy difference between the initial and sputtered state, Einf , was found to remain

practically constant with increasing ǫ. It is therefore to be concluded that Ef is correlated with

the total energy barrier for displacing an atom in the crystal, as was hinted in the case of bulk

Si in section 5.1, where the most frequently encountered Frenkel pair was that with the lowest

formation energy.
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Figure 11: (a) The hexagonal cross section of the studied NW. (b) The six inequivalent lattice
sites on the surface of the NW, labeled from A to F. (c) The average of Td in the bulk core
of the NW (BA), the minimum thereof (BM), and the minimum of the threshold sputtering
energy for each surface atom (SA to SF) as a function of ǫ. (d) Formation enthalpies of various
defects in the core of the wire. Extended Frenkel pair with a dumbbell interstitial (EDFP),
the same with a tetrahedral interstitial (ETFP), close Frenkel pair with a dumbbell interstitial
(CDFP), single vacancy (V), tetrahedral interstitial (T), dumbbell interstitial (DB), and the
bond defect (BD). From publication II.

ε = 0.0

10 ≥ 60
E  (eV)d

open ⟨111⟩

closed ⟨111⟩

ε = 0.05 ε = 0.10

Figure 12: Td(θ, φ) in the bulk core of Si NW as a function of ǫ. After publication II.
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These results for the Si NW were compared to a similarly one-dimensional system, the single-

walled carbon nanotube (CNT) [100]. MD simulations within the tight-binding approximation

of quantum mechanics [101] were performed to determine, as a function of ǫ, the minimum

sputtering threshold energy Td and Einf . Results for these quantities in the CNTs are similar

as for the NW, but the fall in Td is only 5 to 15 % at most, compared to 30 % for the bulk

core of the Si NW. Einf was found to correlate qualitatively with Td, as was the case with the

relevant thermodynamic quantities in Si NW.

It is now interesting to compare the effect of strain on the amount of predicted radiation damage

in the Si NW and the CNT. Using the cross section for displacement by incident relativistic

electrons as given by McKinley and Fesbach [102] to estimate the effect of electron irradiation,

and again SRIM for ion irradiation, it is found that ǫ = 0.1 can cause a notable increase in

defect production in both systems. Considering 500 keV electrons, characteristic of radiation

present at a geostationary orbit [103], the increase in displacements is 40 % for the CNT but as

much as 300 % for the NW. For a spectrum of protons again characteristic of a geostationary

orbit [104], the corresponding numbers are 20 % for the CNT and 75 % for the NW.

The decrease of Td with increasing ǫ in both structures can be explained by the fact that

straining the structure makes the interatomic bonds weaker, i.e., the cohesive energy of atoms

in the systems decreases. It is then easier to break and twist bonds, which is what is required for

a displacement to occur. However, that the fall in Td and hence increase in defect production is

so much larger in the NW than in the CNT is due to an additional effect owing to the differing

structure between these two systems. The NW is filled with atoms, whereas the CNT is a

hollow tube of atoms. It turns out that straining the NW to ǫ = 0.1 increases the volume-per-

atom ratio of the structure from ∼20 to 21 Å3, which means that it is easier for an atom to

settle into an interstitial position in the crystal. On the surface of the wire, Td is approximately

constant, because the atoms can relax in such a way that bond strengths and hence the barrier

for sputtering remains fixed.

It seems that a general conclusion might be drawn from these results on the effect of strain on

Si NW and CNT, which is that strain causes greater increase of damage production in bulk-like

structures than in planar structures. The planar structure of the CNT and the bulk structure

of the Si NW are representative of a large variety of nanosystems, from graphene [105] and

hexagonal BN [106] to nanoclusters and nanofilms. Hence, we believe our results serve to assess

the effect of strain on radiation damage in these and other nanostructures as well.
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6 SILICON UNDER HIGH-ENERGY IRRADIATION

The previous section was focused on defect production at recoil energies at the very threshold for

displacing atoms in Si. In this section, we turn to the effects of ion and neutron irradiation with

energies entailing recoils significantly above the threshold. In contrast to electron irradiation,

which produces mainly isolated Frenkel pairs even at MeV irradiation energies, ion irradiation

of already keV energies may result in collision cascades in the target structure, as discussed in

section 3.2.2. The volume containing the cascade cools down in the picoseconds following the

ballistic phase, and even though most of the produced vacancies and interstitials annihilate by

recombining with each other, the crystal is often left with clusters of point defects or even a

locally amorphized zone. In case the cascade forms close to a surface in the target, sputtering

may occur in the process.

The work presented in this section deals with predicting the amount of damage created in Si

structures upon exposure to energetic hadron irradiation and the effects of that damage on the

structures. First, work on modeling Si NWs under ion irradiation, based on publication III

and Ref. [107], is presented. The creation of primary radiation damage in this nanostructure is

simulated and compared to that in bulk Si. Then, we consider hypothetical damage produced

by energetic neutrons in Si, and predict the effect of that damage on the electronic properties

of the material in an attempt to explain the origin of a certain deleterious phenomenon known

to occur in Si strip detectors. This part is based on publication IV. Finally, we model the

thinning of a Si lamella by an ion beam. The simulations are performed in conjunction with

experimental work in an effort to explain the empirical finding that lamellae cannot be thinned

below a certain limiting thickness. This work is the topic of publication V.

6.1 Ion irradiation of silicon nanowire

As discussed above, ion irradiation can be used to implant Si NW with impurities to create a

desired doping profile in the material. However, the inevitable consequence of implantation is

that atoms in the target structure are displaced from their lattice sites. Through its effect on the

electronic structure of the material and the diffusion efficiency of dopants, the created crystal

damage ultimately affects the way the created semiconductor component functions. Although

an implanted sample may be rapidly heated to a high temperature for a short period of time

to anneal out damage, some defects will still remain [6]. Hence, it is important to predict the

amount and type of damage that ion implantation creates in a Si NW.
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Although an estimate of damage production in Si NW can be made using, e.g., the SRIM code,

neither the external dimensions nor the atomic structure of the system can be accounted for in

such a simulation. Therefore, to study how small-diameter NW responds to ion irradiation, we

undertook an investigation of ion impacts on the structures using classical MD. The inert gas

Ar, chosen as the ion type, is obviously not a dopant used for creating p-n junctions, but it is

widely used in ion irradiation experiments [60; 108; 109].

In order to find any interesting effects correlated with the diameter and hence the SVR (see

section 3.3) of the structures, we considered NWs of two different diameters: 4 nm (the same

structure for which Td was studied in section 5.2) and 3 nm. Irradiation was carried out for

energies of 30, 300, 1 000, 3 000, and 10 000 eV to study a range of energies entailing recoils from

Td upwards. Impacts on flat surfaces as well as the sharp edges of the NWs were studied. As was

the case in section 5.2, SW was used to model the Si-Si interactions. To realistically account for

repulsion at small interatomic separations due to high-energy collisions, a regime for which the

SW potential is not designed, the screened Coulomb potential proposed by Ziegler, Biersack,

and Littmark (ZBL) [110] was smoothly joined to the SW potential for separations less than

1.7 Å. The only Ar-Si interaction considered was that given by the respective ZBL potential,

because the screened Coulombic interaction is the overwhelmingly dominant interaction in the

high-energy collisions of the two types of atoms.

Since we are now considering high-energy ions, electronic stopping, i.e., the transfer of the

kinetic energy of the ion to the electrons of the target material, needs to be taken into account.

This is done by applying a velocity-dependent drag force to all atoms with kinetic energy

surpassing 10 eV. Using this simulation scheme, 200 different impact events on a each pristine

wire were simulated for the above range of energies. Additionally, to compare the response of

the NWs with that of bulk Si, we performed corresponding irradiation simulations on a thick

Si slab surface and in a large periodic bulk cell of Si.

A comparison between the radiation response of the two NWs and bulk Si and the slab surface,

presented in Fig. 13, yields interesting observations. The smaller NW of 3 nm displays a peak

at the energy of 1 keV in the total number of defects produced. In comparison to bulk Si

and the slab surface, this peak constitutes an enhancement in defect production by a factor

of approximately three. There is also a slight enhancement for the 4 nm NW at the same

irradiation energy. The explanation for this phenomenon can be found by considering firstly

the range of ions in Si and secondly the finding reported in section 5.2 that Td on the surface

of the NW is considerably less than in the core.
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Figure 13: Results for the total number of defects as a function of irradiation energy for the
studied systems. The considered defect types were the vacancy, interstitial, adatom (an extra
atom on the surface), and sputtered atoms. Each point is an average over 200 ion impacts on
a pristine structure. From publication III.
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Figure 14: An example of the cross section of the 4 nm NW after irradiation at each studied
energy. Coloring is by potential energy, where dark is higher. From publication III.

The general shape of the curves of Fig. 13 for the NWs results from the fact that once the ion

energy and hence ion range is high enough, transmission of ions through the NW will occur.

An ion that passes through the NW deposits only a fraction of its energy into the structure,

and hence, after an initial increase with increasing ion energy, defect production will eventually

decrease as ion range shifts beyond the diameter of the NW. This general trend is seen in the

snapshots in Fig. 14 of the NW cross sections after irradiation: The positions of the damaged

regions shift from the top of the NW towards the bottom as energy is increased. The damage

is indeed in the form of defect clusters, which are left behind from collision cascades.

Another observation from the cross sections of Fig. 14 is that the damage is created predomi-

nantly on the surface of the NW. This is ascertained from the distribution of the damage created

at 1 keV in the NW as presented in Fig. 15. The reason for the defects residing mostly at the

surface is simply that Td on the surface of the NW is considerably less than in the core, as

shown in section 5.2. This fact also leads to the explanation for why the enhancement in defect

production is larger for the 3 nm NW than for the 4 nm one: In the 3 nm NW, SVR is higher,

and since defect production happens most efficiently on the surface, it is more pronounced in

this structure.

Returning to Fig. 13, it is found that defect production increases nearly linearly with increasing

energy, as expected from the prediction of Kinchin and Pease [9; 77]. For the slab surface,

however, the increase in defect production slows down towards 10 keV. This is because the

higher the energy of the incident ion, the larger the fraction of its initial kinetic energy that

is dissipated by the drag force modeling electronic stopping. As the ion is directed nearly

perpendicularly at the surface, this effect is enhanced by channeling [9; 10], i.e., propagating

along a crystallographic direction that does not involve elastic collisions with the target atoms.

The finding that defect production in a small-diameter NW may be increased at a certain

irradiation energy by a factor of three in comparison to a bulk system is an example of how

the properties of nanostructures differ from that of bulk systems. The effect traces back to the
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impacts. From publication III.
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large SVR of the NW, a factor which together with quantum confinement gives nanostructures

many of their peculiar properties, as discussed in section 3.3.

6.2 Type inversion in a silicon strip detector

There are many cases where irradiation can have beneficial and desired effects on a struc-

ture [10]. Often, however, the created defects affect the properties of the irradiated system in

deleterious ways. This is the situtation in the Si strip detectors monitoring the results of proton

beam collisions in the Large Hadron Collider at CERN. Experimentally it is found that as the

fluence of hadronic particles originating in the beam collisions through the detectors grows, neg-

ative charge is cumulatively trapped in the originally positively charged, depleted n-type bulk of

the detectors, a phenomenon which limits the lifetime of the detectors [111; 112; 113; 114; 115].

It is clear that this effect, known as space charge sign inversion or type inversion, is caused by

lattice defects that form as a result of the irradiation. The question is, which defects are respon-

sible, and knowing the answer, is it possible to treat the material so as to alleviate the problem

in the future upgrade of the LHC or in other high-energy accelerators to come [116; 117].

DFT was used in the study on Td in Si, as presented in section 5.1, to model the time-

development of a sample of Si upon introducing a recoil in the lattice. To attempt to answer

the questions posed by the type inversion problem, DFT was harnessed for static calculations

to determine electron energy levels introduced into the band gap of Si by a given defect, with

the ultimate goal of determining the average charge state of the object in the detector bulk.

This approach, where we start from a certain defect structure and then predict the levels it

introduces in the band gap is, in a way, the inverse of the experimental procedure for trying

to identify the culprit behind the type inversion. Experiment starts by detecting defect levels

in the band gap and then trying to deduce the identity of the corresponding defect by, e.g.,

annealing treatments, varying the impurity content of the sample, or using models of the mi-

croscopic evolution of the created damage [116; 117]. It can be a formidable task to ascertain

the identity of defects through this experimental approach. The consensus is, however, that the

type inversion is caused by a cluster-related defect [117]. Additionally, it is believed that the

defect does not involve impurities [118].

In the experimental community, an arbitrary particle fluence (particles / unit area) with a

specific energy distribution is for convenience often replaced in the laboratory by a 1 MeV

equivalent neutron fluence, meaning the fluence of 1 MeV neutrons that creates the same amount

of crystal damage [119]. Neutrons of this energy induce recoils of tens of keV in Si [120], and it is

the resulting crystal damage that we chose to model. Recoils of such energy are known to create
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Figure 16: Examples of atomic structures of the created amorphous defect clusters in each of the
categories by composition and treatment. c-Si denotes crystalline Si, a-Si denotes amorphous
Si, and V denotes the vacancy. From publication IV.

cascades, which branch and break down into small, liquid-like subcascades [56; 57; 59]. These

subcascades eventually cool down to form amorphous inclusions of diameter <5 nm in the Si

lattice [121]. It was the hypothesis in the present study that such amorphous defect clusters of

pure Si are behind the type inversion phenomenon. The defect does fit the prescription above,

and they are certain to form under the circumstances of the experiment.

We proceeded by first creating a set of these amorphous clusters using classical MD with SW

for the Si-Si interactions, and then determining their electronic structure using DFT. When

creating the structures, instead of simulating the cascades brought on by keV recoils caused by

incoming MeV neutrons, we performed melt-quench simulations, where the center of a Si cell

consisting of 512 atoms is melted and then rapidly cooled down. The treatment results in an

amorphous cluster in the cell, and the method has been shown to produce end states similar to

those of full cascade simulations [56]. Since the amorphous clusters have been experimentally

shown to be vacancy-rich [122], vacancies and divacancies were added to the systems. Also,

since the detectors at LHC are kept close to room temperature, we annealed a part of our

structures for 1 ns at 300 K. 1 ns is not a long time experimentally, but it did have an effect on

the amorphous clusters: Their size was reduced within the first few ps of simulation and then

stabilized. In total, 120 structures were created, and they can be divided into six categories by

composition and treatment, as illustrated in Fig. 16.
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The goal of the study was to determine the average charge state of the defect clusters under

the depleted condition of the Si strip detectors. To accomplish this, it is necessary to determine

the levels that the defect clusters introduce into the band gap of Si. These levels, also called

ionization or transition levels, correspond to the highest energy level occupied by an electron

in each charge state of the defect. For example, if a vacancy in Si is in the singly charged

state, meaning an extra electron is localized on the defect, the electron will occupy the (0/−)

defect level. The symbol (0/−) signifies that putting an electron into this level will change

the charge state of the defect from 0 to −1. The energy of the levels generally increases with

increasing negative charge state, as Coulomb repulsion on a newly added electron increases

with an increasingly negative charge state. Lattice relaxation, however, may have an effect on

this [7].

The formation energy of a defect in charge state q can be calculated in a periodic supercell

system as

Ef = Ed − Eu + q(ǫv + ǫF ) +
∑

i

µini, (11)

where Ed and Eu are the total free energies of the system with and without the defect, respec-

tively, ǫv is the valence band maximum, ǫF is the electron chemical potential, and µi is the

chemical potential of atom species i, of which ni are added to or removed from (ni → −ni) the

system [19; 90]. Calculating the defect level (q1/q2) from the above expression is done by finding

the value for the electron chemical potential for which the formation energies of the defect in

the two charge states are equal [19]. In a DFT calculation, this reduces to calculating the dif-

ference in total energy between charge states q1 and q2. Once the level positions are known, the

steady-state average charge state of the defect can be deduced from level population statistics.

The DFT calculations of the cluster systems could be afforded only within the LDA approxi-

mation to the exchange and correlation energy of the electrons (see section 4.1). This approxi-

mation comes with a significant drawback with respect to the accuracy of the transition level

calculations. Due to the fact that the exchange and correlation energy is an approximation of

the true one, an electron in the system will experience a spurious and unphysical self-interaction

with itself [16]. This leads to a drastic underestimation of the band gap of the material, giving

the value of 0.52 eV in comparison to the experimental value of 1.1 eV. To account for this

shortcoming, an error estimate for the positions of the transition levels was deduced by com-

paring the level positions of the single and divacancy to experimental values. Based on this,

it was concluded that the positions of the levels in the gap induced by the amorphous defect

clusters in the Si lattice, as presented in Fig. 17, may be underestimated by up to 0.4 eV. Even

accounting for this, the levels reside on average in the lower half of the band gap. Examples
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Figure 17: Distributions of the positions of the (0/−) and (+/0) levels of the amorphous defect
clusters in the band gap of Si. c-Si denotes crystalline Si, a-Si denotes amorphous Si, and V
denotes the vacancy. Ev is the valence band maximum, Ec the conduction band minimum, and
Eg the width of the band gap. From publication IV.

of visualizations of the (0/−) level in the systems are presented in Fig. 18. It is seen that the

orbitals extend over the entire amorphous cluster, thus constituting the analogue of molecular

orbitals in extended defects.

Once the level positions in the band gap were determined, the average steady-state charge

state of each structure was calculated using level occupation statistics for a multivalent defect

according to Sah and Shockley [123]. The strip detector is essentially a reverse-biased, depleted

diode, and this is the steady state that the charge state analysis corresponds to. It was found

that the average charge state of the systems, considering the (+/0) and (0/−) levels presented

above, is −1.0 when the Fermi level is pinned to the center of the gap in the steady state. Taking

the maximum error estimate of 0.4 eV for the level positions into account, the corresponding

result is −0.1. This means that the amorphous defect clusters trap negative charge in the bulk

of the detectors, and hence may be considered accountable for the type inversion phenomenon.

Due to the large error estimate above and the fact that only one acceptor state (0/−) was

included, the result of the charge state must be considered qualitative. No meaningful quan-
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(a) (b) (c)

Figure 18: Isosurface of the electron density at 10 % of the maximum density of the (0/−)
orbital for an a-Si + c-Si (a), a-Si + c-Si + V (b), and a-Si + c-Si + V2 system (c). c-Si denotes
crystalline Si, a-Si denotes amorphous Si, and V denotes the vacancy. From publication IV.

titative prediction for the rate of charge accumulation as a function of irradiation fluence for

direct comparison with experiment can be made. However, based on this qualitative result, and

considering that these amorphous clusters are indeed independent of impurities, they do offer

a natural explanation as to why the type inversion is found in a variety of different detector

materials, i.e., in Si with different impurity contents. As regards the solution to this problem,

based on the present knowledge, only annealing the clusters out would seem a viable solution.

Still, whether the amorphous clusters are in reality responsible for the type inversion remains to

be settled by experiment. Another possible explanation might be vacancy clusters, whose pres-

ence is fairly well established experimentally in Si after neutron bombardment (see Ref. [124]

and references therein). Moreover, it was found recently that vacancy clusters in diamond can

act as electron acceptors to become negatively charged in the material [125].

The present calculations offer a theoretical prediction within the LDA approximation to the

exchange and correlation energy of DFT, which is, because of the band gap error, fairly crude

for the present purpose. Although the result that the clusters are negatively charged in the

steady state is valid within the error estimate, it would be desireable to repeat the calculations

using a more accurate approximation to the exchange and correlation energy. This could be

accoplished using so-called hybrid functionals, where exact Hartree-Fock exchange is mixed

in a certain proportion with GGA exchange and correlation energy [16]. Currently, however,

studying systems of 512 atoms within this framework is at the limit of computational feasibility,

and initial attempts to do this using the VASP [48] code failed.
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6.3 Thinning a silicon lamella using a focused ion beam

In this final section presenting the research underlying the thesis, we turn to another experi-

mental puzzle and attempt to answer it using MD simulation. The subject is the thinning of a

sample of Si into a very thin lamella in preparation for imaging via aberration-corrected high-

resolution transmission electron microscopy (AC-HRTEM) [73; 74], the current state-of-the art

in electron microscopy imaging.

Due to its ability to probe structures on the atomic scale, AC-HRTEM has proven to be a

very powerful tool for studying nanostructures [106; 126; 127; 128; 129]. Applying the method,

however, places stringent requirements on the sample being imaged. Firstly, the structure needs

to be extremely thin, extending at most one extinction length of the electron beam, which is of

the order of a few nm. Secondly, the sample must not be warped, which is untrivial for samples

this thin, and thirdly, the sample should be of high crystalline quality [130].

The only available method today for efficiently preparing an arbitrary sample for AC-HRTEM

is using a focused ion beam (FIB). In this procedure, an ion beam of energy in the range of 1 to

30 keV is used to mill the sample into the desired geometry through physical sputtering [42; 43].

However, the conventional FIB thinning method is limited to thicknesses higher than ∼20 nm.

This is mainly due to the fact that as thickness approaches this value, the lamella shrinks in

the vertical direction at an increasing rate. Additionally, the approach is hampered by warping

of the sample and significant amorphization [130]. The current trend in AC-HRTEM is to use

lower and lower electron beam voltages, as low as 30 [131] or even 20 kV [132], down from the

usual 200 or 300 kV, in order to prevent displacement damage in fragile samples. This means

a shorter extinction length for the electron beam, and hence a thinner sample requirement.

Although the conventional FIB thinning method is sufficient for many regular AC-HRTEM

studies, it cannot meet the requirements brought on by these new developments, in particular

because it is limited to ∼20 nm in achievable thickness.

Recently, a new FIB technique termed the double-tilt method [130] was developed to overcome

the obstacles of the conventional method and to provide an approach for preparing very thin

samples of good quality for current and future AC-HRTEM studies. In the conventional method,

the thinning is performed by removing material top-down from one or both sides of the lamella.

The crux of the double-tilt method is that two perpendicular grooves are milled into the sample,

one on each side of the structure. The thin lamella is then formed in the region where the two

grooves overlap. However, the underlying physical reasons for the failure of the conventional

method and conversely the superior performance of the double-tilt method are unknown. Using
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Figure 19: (a) Closeup of a SEM image of the upper corner of a Si lamella after being subjected
to a FIB. The ideal shape for the corner is given by the dotted green line. The region of the
closeup is indicated by the solid white line in the inset in the black frame. (b) SEM image of
the double-wedge experiment as described in the text. The ideal shape for the edge is indicated
by the solid white line in the inset. The thin top edge (indicated by the white arrow) is found
to fall rapidly with decreasing thickness (green dotted line). In this image, thinner areas appear
lighter. From publication V.

classical MD simulations in conjunction with experiment, we set out to identify the physical

processes behind this empirical observation.

Experiments were first used to demonstrate two effects of the FIB thinning on a sample of Si.

Firstly, it was shown that directing a 30 keV Ga FIB on the edge of a sample of Si, as during the

thinning process, causes the edge to become rounded. A scanning electron microscope (SEM)

image of this situation is presented in Fig. 19(a). Secondly, the shrinkage effect associated with

the conventional FIB thinning method was demonstrated. This was done by milling a sample

of Si into a ’double-wedge’ shape, where the lamella gets thinner from right to left and from

bottom to top. A SEM image of the result of the experiment along with a clarifying schematic

are presented in Fig. 19(b). The shrinkage effect manifests as the vertically falling edge as

the lamella gets thinnner. Notably, very thin regions (≤ 10 nm) are completely absent in the

prepared structure.

As the main effect behind the failure of the conventional thinning method is the shrinkage

demonstrated above, it is this phenomenon that the simulations were directed at explaining.

We simulated a Ga FIB incident on the top edge of a Si lamella, as schematically illustrated

in Fig. 20(a). The thickness of the edge was varied from 3 to 10 nm, the energy of the beam

from 1 to 30 keV, and the total dose was either 500 or 1000 ions. The thickness of the edge

in the simulations is thus well below the 20 nm limit of the conventional method, but the
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experimentally formed lamella is not expected to be uniform in thickness. In fact, the rounding

of the edge of the lamella, as demonstrated by experiment, is expected to lead to the formation

of a sharp top edge for the lamella, and it is this sharp edge that was the focus of the simulations.

For the Si-Si interactions, we used two potentials in parallel, SW and EDIP. This is because

SW gives the best value for T av
d,ave, as noted previously, whereas EDIP gives the best value for

the sputtering yield of Si [133], two quantities that we considered the most important ones for

the investigation. The Ga-Si interaction was given by a ZBL potential, and a high-energy ZBL

part was smoothly joined to the Si-Si potential for small separations, for the same reasons as

in section 6.1.

The simulations reveal two distinct modes of evolution for the lamella top edge as a function

of ion beam dose. The edges of thickness ≥7 nm are found to bend towards the corner where

the beam is incident. The bending happens as if the top part of the edge was set on a hinge,

and it is driven by the surface tension that contracts the front face of the lamella as atoms are

sputtered off from the first front layers of the structure. This behavior is illustrated for the

10 nm lamella in Fig. 20(b), where the hinge is at the intersection of the dashed and solid line

for each structure. The second type of evolution is the vertical shrinkage of the edges of <7 nm

as the ion beam dose increases. This happens because now the sputtering occurs more or less

evenly off both faces, and the thin structure contracts along the entire thickness. The effect is

illustrated for the 3 nm thick lamella in Fig. 20(c).

The first of the above mechanisms, the bending of the lamella top edge towards the incident ion

beam, is activated once the amorphization of the structure reaches the back face at some point.

It is roughly this point which becomes the hinge described above, about which the edge tilts

forwards as the rigid back wall gives way to the contracting force on the front face. Once the top

of the edge tilts in this way, it is arguably milled away rapidly in the experimental setup. This

is because the part of the edge which is suspended freely is sputtered away more easily than

the originally straight standing structure. The sputtering may happen through large chunks

of amorphous Si (hundreds of atoms) ejecting from the system, possibly similarly to what was

observed for the 10 nm edge at a beam energy of 15 keV in our simulations (Fig. 21). This is

reflected in a drop in the bending angle of the lamella edge. Here it is also seen that the rate of

increase of the angle increases with ion beam energy. This makes sense, as increasing the beam

energy increases sputtering and hence the contracting force on the front face. Amorphization

also reaches the back face faster.

The lamella edge is thus eroded away rapidly through tilting into the beam. This would be

observed in experiment as shrinkage of the lamella during FIB thinning, provided the edge is

thin enough to allow the mechanism to function. This threshold thickness is predicted through
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Figure 20: (a) A schematic of the simulation setup for the FIB thinning of a Si lamella. The
beam was given a Gaussian distribution with a standard deviation of 2.5 nm in both directions
perpendicular to it. (b) The evolution of the 10 nm thick lamella edge as a function of dose.
(c) The evolution of the 3 nm thick edge as a function of dose. The structure in (b) and (c) is
shown from a sideview. From publication V.
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Figure 21: (a) The bending angle of the 10 nm lamella edge as a function of fired ions for
different beam energies. (b) The cumulative sputtering yield for the beam of 15 and 8 keV in
the range of the number of fired ions marked by the small arrows in (a). A chunk of hundreds
of atoms is ejected from the top of the lamella at around 950 fired ions for the 15 keV beam,
which results in the drop in the bending angle in (a). This is how the erosion of the lamella
top edge is suggested to occur. From publication V.
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SRIM simulations to be 26 nm, which explains why the thinnest areas were completely absent

in the double-wedge experiment above. The second mechanism identified above, the direct

vertical shrinkage of lamella edges <7 nm, simply constitutes another mode of shrinkage for

the thinnest edges.

Drawing together the findings from the experiments and simulations, we can now construct an

explanation as to why the conventional thinning method fails, and conversely, why the double-

tilt method delivers superior performance. For this purpose, two mechanisms are invoked. The

first of these is the rounding of the sample edge upon exposure to the FIB, as demonstrated

in experiment (Fig. 19(a)). This geometric effect occurs due to the finite sharpness of the ion

beam. In fact, the beam spreads out more and more as the voltage is lowered. The rounding

causes the top edge of the lamella to become thinner, and in the extreme case it will cause

vertical shrinkage by eating away the structure from the top. The second mechanism is the

erosion of the thin top edge of the lamella through bending into the beam, as predicted by the

simulations. Whereas the former geometric effects dominate at low ion beam voltages, these

latter top edge effects are dominant at high voltages. The net result seems to be that the

thinning process is limited to thicknesses above ∼20 nm.

The reason that the double-tilt method succeeds then is simply that there is no free edge in

the lamella structure in this approach, and hence the above mechanisms are not present. The

thinning may proceed well below 20 nm, demonstrably to as low as 4 nm [132], as the lamella

does not shrink. Furthermore, as the lamella is supported by a thick frame of material on all

sides, the structure remains mechanically stable. Finally, amorphization is reduced in the new

method, as low beam energies can safely be used for polishing the sample, i.e., removing the

amorphous layer built up during the thinning process. It is thus apparent that the limitations

of the conventional thinning method are fundamental in nature, and that the double-tilt method

can answer the new demands for sample preparation set forth by the development of low-energy

AC-HRTEM.
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7 CONCLUSIONS

Understanding radiation effects in Si is important for the advancement of semiconductor tech-

nology. The research presented in this thesis shows, however, that the relevant problems often

entail interesting questions of condensed matter physics as such. The mechanisms of defect

production and the effects of that damage offer glimpses into the atomic world which involve

a rich spectrum of fundamental physics. The studied systems fall into two size regimes: The

nanoscale and the bulk. Another division may be made on the basis of the energy of the

irradiation, which was either at the threshold energy for creating damage or well beyond it.

The threshold displacement energy of bulk Si was predicted through quantum mechanical sim-

ulations to be considerably higher than previously assumed. This adjustment has a dramatic

effect on the outcome of predicting the amount of Frenkel pairs created in Si due to irradiation.

For a small-diameter Si nanowire, classical simulations predict that the threshold energy in the

core of the wire is the same as in bulk. However, straining the wire in the longitudal direction

causes the threshold energy to drop significantly, with an increase in defect production that

is far higher than in a related nanostructure, the carbon nanotube. This is due to the strain

weakening the bonds in the nanowire as well as creating more room for an interstitial atom to

slip into.

The threshold energy for sputtering atoms off the surface of the nanowire can be smaller than the

threshold energy in the bulk core by a factor of three, which implies that damage in the wire is

predominantly created near the surface. This inference was confirmed when the ion irradiation

of Si nanowire was modeled using classical simulations. Damage clusters are predicted to be

concentrated on the surface of the wire, and the finite diameter of the wire leads to a peak

in damage production before the transmission of ions takes over at higher energies. At this

peak, the amount of damage created may be enhanced by as much as a factor of three in

comparison to a bulk surface, an example of the effect of the large surface area to volume ratio

of nanostructures.

Amorphous defect clusters of pure Si are a type of defect which may need to be considered

when contemplating the effects of high-energy hadronic irradiation on Si strip detectors. Our

hybrid classical and quantum mechanical simulations predict that these clusters are negatively

charged in the steady state of the depleted detectors, which may explain why negative charge

is accumulated in the detector bulk with increasing irradiation fluence.

Finally, we used classical simulations together with experiment to explain why the conventional

ion beam thinning of Si lamellae is restricted to thicknesses that fall short of the needs of
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state-of-the-art transmission electron microscopy studies. The sample is eroded away from the

top edge downwards at high energies and eaten away by finite beam sharpness at low energies.

Fortunately, an alternative method has been developed to overcome these problems.

The work presented in this thesis, save for the investigation on Si lamellae, is purely com-

putational, offering theoretical predictions for physical quantities as well as explanations for

experimental mysteries. As in all science, the truth of these theoretical results is settled ulti-

mately upon comparison with observation. Yet the very point of doing simulations is to reach

into areas which are inaccessible to direct measurement, and hence direct comparison is not

possible for all aspects of the predictions.

The basis for considering these results reasonable lies mostly in that the simulations reproduce

experiment to a plausible degree where direct comparison is possible. Another argument is

that the models themselves are physically well-motivated and established through research

preceeding the present work. On the basis of these two points, and keeping in mind the specific

shortcomings of the models in each instance, we can take the presented computational results

on the behavior of Si under irradiation as reasonable descriptions of what happens in the real

world. Therefore, this thesis contributes to the understanding of fundamental and applied

questions of radiation damage in Si. The insight gained through the simulations shows that

computational physics is a powerful tool for studying Nature.
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Physics, and Prof. Jyrki Räisänen, the head of the Division of Materials Physics, for providing

the facilities for this work.

I have been fortunate to get to work with many excellent supervisors during my time in the

group. I thank Dr. Antti Kuronen for thoroughly introducing me to the methods that I would

use throughout my studies. Dr. Arkady Krasheninnikov has, among many teachings, shown

me that patience will pay off in research. I am grateful to Dr. Mikko Hakala for countless hours

of detailed supervision and discussion on our work. Dr. Jani Kotakoski has been a true mentor

to me. It has been a privilege to become acquainted with him and to work together.

I thank my friends Dr. Ari Harjunmaa, Stefan Parviainen, and Dr. Ossi Lehtinen for good

company home and abroad. I warmly thank all other friends and co-workers, present and

departed, in the lab.

I am indebted to my foreign collaborators, Dr. Lorenz Lechner and Prof. Ute Kaiser, for

elucidating the experimental side of physics. Financial support enabling travel from Magnus

Ehrnrooth Foundation, Emil Aaltonen Foundation, and the Chancellor’s Travel Fund is grate-

fully acknowledged.

I wish to thank my family and friends for encouragement and for all the good times over the

years.

The greatest thanks go to my significant other, Johanna, whose love and support mean the

world to me.

Eero Holmström

March 2012, Helsinki



51

References

1. M. G. Voronkov, Origin of the Silicon Era, Glass Physics and Chemistry 35, 231 (2009).

2. W. F. Brinkman, D. E. Haggan, and W. W. Troutman, A History of the Invention of the
Transistor and Where It Will Lead Us, IEEE J. Solid State Circuits 32, (1997).

3. P. Otellini, Intel Developer Forum 2011 Keynote,
http://intelstudios.edgesuite.net/idf/2011/sf/keynote/110913_pso/index.htm.

4. L. G. Berry, B. Mason, and R. V. Dietrich, Mineralogy (W. H. Freeman and Company,
New York, USA, 1993).

5. W. C. O’Mara, R. B. Herring, and L. P. Hunt, Handbook of Semiconductor Silicon Tech-
nology (Noyes Publications, Park Ridge, NJ, USA, 1990).

6. B. G. Streetman and S. K. Banerjee, Solid State Electronic Devices (Prentice Hall, Upper
Saddle River, New Jersey, 2006).

7. M. Grundmann, The Physics of Semiconductors (Springer, Berlin, Germany, 2006).

8. W. D. Callister, Jr., Materials Science and Engineering, An Introduction, 3rd ed. (Wiley,
New York, 1993).

9. R. S. Averback and T. Diaz de la Rubia, in Solid State Physics, edited by H. Ehrenfest
and F. Spaepen (Academic Press, New York, 1998), Vol. 51, pp. 281–402.

10. A. V. Krasheninnikov and K. Nordlund, Ion and electron irradiation-induced effects in
nanostructured materials, J. Appl. Phys. (Applied Physics Reviews) 107, 071301 (2010).

11. M. Bruzzi, Radiation Damage in Silicon Detectors for High-Energy Physics Experiments,
IEEE Trans. Nucl. Sci. 48, 960 (2001).

12. S. C. Rogers, Radiation Damage to Satellite Electronic Systems, IEEE Trans. Nucl. Sci.
10, 97 (1963).

13. G. P. Summers, E. A. Burke, P. Shapiro, S. R. Messenger, and R. J. Walters, Damage Cor-
relations in Semiconductors Exposed to Gamma, Electron and Proton Radiations, IEEE
Trans. on Nucl. Sci. 40, 1372 (1993).

14. M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids (Oxford University Press,
Oxford, England, 1989).

15. A. R. Leach, Molecular modelling: principles and applications, 2nd ed. (Pearson Educa-
tion, Harlow, England, 2001).

16. R. M. Martin, Electronic Structure: Basic Theory and Practical Methods (Cambridge
University Press, Cambridge, England, 2008).

17. J. R. Hook and H. E. Hall, Solid State Physics (John Wiley & Sons, West Sussex, England,
2005).



52

18. J. R. Chelikowsky and M. L. Cohen, Electronic structure of silicon, Phys. Rev. B 10, 5095
(1974).

19. E. G. Seebauer and M. C. Kratzer, Charged point defects in semiconductors, Mater. Sci.
Eng. R 55, 57 (2006).

20. H. J. Queisser and E. H. Haller, Defects in Semiconductors: Some Fatal, Some Vital,
Science 281, 945 (1998).

21. P. Vajda, Anisotropy of electron radiation damage in metal crystals, Rev. Mod. Phys. 49,
481 (1977).

22. B. Bhushan, Springer handbook of nanotechnology (Springer-Verlag, Würzburg, Germany,
2004).

23. A. J. Nozik, M. C. Beard, J. M. Luther, M. Law, R. J. Ellingson, and J. C. Johnson,
Semiconductor Quantum Dots and Quantum Dot Arrays and Applications of Multiple
Exciton Generation to Third-Generation Photovoltaic Solar Cells, Chem. Rev. 110, 6873
(2010).

24. Q. Sun, Y. A. Wang, L. S. Li, D. Wang, T. Zhu, J. Xu, C. Yang, and Y. Li, Bright,
multicoloured light-emitting diodes based on quantum dots, Nature Photon. 1, 717 (2007).

25. V. Biju, T. Itoh, A. Anas, A. Sujith, and M. Ishikawa, Semiconductor quantum dots
and metal nanoparticles: syntheses, optical properties, and biological applications, Anal.
Bioanal. Chem. 391, 2469 (2008).

26. Y. Cui, Z. Zhong, D. Wang, W. U. Wang, and C. M. Lieber, High Performance Silicon
Nanowire Field Effect Transistors, Nano Lett. 3, 149 (2003).

27. J. Goldberger, A. I. Hochbaum, R. Fan, and P. Yang, Silicon Vertically Integrated
Nanowire Field Effect Transistors, Nano Lett. 6, 973 (2006).

28. Y. Cui, Q. Wei, H. Park, and C. M. Lieber, Nanowire Nanosensors for Highly Sensitive
and Selective Detection of Biological and Chemical Species, Science 293, 1289 (2001).

29. G. Zheng, F. Patolsky, Y. Cui, W. U. Wang, and C. M. Lieber, Multiplexed electrical
detection of cancer markers with nanowire sensor arrays, Nature Biotech. 23, 1294 (2005).

30. C. K. Chan, H. Peng, G. Liu, K. McIlwrath, X. F. Zhang, R. A. Huggins, and Y. Cui,
High-performance lithium battery anodes using silicon nanowires, Nature Nanotech. Lett.
3, 31 (2008).

31. L.-F. Cui, R. Ruffo, C. K. Chan, H. Peng, and Y. Cui, Crystalline-Amorphous Core-Shell
Silicon Nanowires for High Capacity and High Current Battery Electrodes, Nano Lett. 9,
491 (2009).

32. M. A. Green, Crystalline and thin-film silicon solar cells: State of the art and future
potential, Solar Energy 74, 181 (2003).



53

33. A. V. Shah, H. Schade, M. Vanecek, J. Meier, E. Vallat-Sauvain, N. Wyrsch, U. Kroll, C.
Droz, and J. Bailat, Thin-film Silicon Solar Cell Technology, Prog. Photovolt. Res. Appl.
12, 113 (2004).

34. D. Yao, G. Zhang, and B. Li, A Universal Expression of Band Gap for Silicon Nanowires
of Different Cross-Section Geometries, Nano Lett. 8, 4557 (2008).

35. J. J. Brehm and W. J. Mullin, Introduction to the Structure of Matter (Wiley, USA, 1989).

36. D. B. Migas and V. E. Borisenko, Tailoring the character of the band-gap in 〈011〉-, 〈111〉-
and 〈112〉-oriented silicon nanowires, Nanotech. 18, 375703 (2007).

37. K.-H. Hong, J. Kim, S.-H. Lee, and J. K. Shin, Strain-Driven Electronic Band Structure
of Si Nanowires, Nano Lett. 8, 1335 (2008).

38. A. Colli, A. Fasoli, C. Ronning, S. Pisana, S. Piscanec, and A. C. Ferrari, Ion Beam
Doping of Silicon Nanowires, Nano Lett. 8, 2188 (2008).

39. S. Hoffmann, J. Bauer, C. Ronning, T. Stelzner, J. Michler, C. Ballif, V. Sivakov, and
S. H. Christiansen, Axial p-n Junctions Realized in Silicon Nanowires by Ion Implantation,
Nano Lett. 9, 1341 (2009).

40. J. Chen and R. Könenkamp, Vertical nanowire transistor in flexible polymer foil, Appl.
Phys. Lett. 82, 4782 (2003).

41. S. Dhara, A. Datta, C. T. Wu, Z. H. Lan, K. H. Chen, Y. L. Wang, C. W. Hsu, C. H. Shen,
L. C. Chen, and C. C. Chen, Hexagonal-to-cubic phase transformation in GaN nanowires
by Ga+ implantation, Appl. Phys. Lett. 84, 5473 (2004).

42. Z. Huang, Combining Ar ion milling with FIB lift-out techniques to prepare high quality
site-specific TEM samples, J. Microsc. 215, 219 (2004).

43. R. M. Langford, Focused Ion Beams Techniques for Nanomaterials Characterization, Mi-
crosc. Res. Tech. 69, 538 (2006).

44. S. Helveg, C. Lopez-Cartes, J. Sehested, P. L. Hansen, B. S. Clausen, J. R. Rostrup-
Nielsen, F. Abild-Pedersen, and J. K. Norskov, Atomic-scale imaging of carbon nanofibre
growth, Nature Lett. 247, 426 (2004).

45. J. E. Spanier, A. M. Kolpak, J. U. Urban, I. Grinberg, L. Ouyang, W. S. Yun, A. M. Rappe,
and H. Park, Ferroelectric Phase Transition in Individual Single-Crystalline BaTiO3

Nanowires, Nano Lett. 6, 735 (2006).

46. J. Kotakoski, A. Krasheninnikov, U. Kaiser, and J. Meyer, From Point Defects in Graphene
to Two-Dimensional Amorphous Carbon, Phys. Rev. Lett. 106, 105505 (2011).

47. L. Stixrude, Structure of iron to 1 Gbar and 40 000 K, Phys. Rev. Lett. 108, 055505
(2012).



54

48. G. Kresse et al., Ab initio molecular dynamics for liquid metals., Phys. Rev. B 47, 558
(1993), ibid., Phys. Rev. B, 49 (1994) 14251; Comput. Mat. Sci., 6 (1996) 15; Phys. Rev.
B, 54 (1996) 11169.

49. J. M. Sole, E. Artacho, J. D. Gale, A. Garćıa, J. Junquera, P. Ordejón, and D. Sánchez-
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v. Eremin, A. Pirojenko, I. Riihimäki, and A. Virtanen, Particle detectors made of high-
resistivity Czochralski silicon, Nucl. Instr. Meth. Phys. Res. A 541, 202 (2005).

115. A. G. Bates and M. Moll, A comparison between irradiated magnetic Czochralski and float
zone silicon detectors using the transient current technique, Nucl. Inst. Meth. Phys. Res.
A 555, 113 (2005).

116. Status Report 2003, http://rd50.web.cern.ch/RD50/ (2003), (CERN RD50 Collaboration
Status Report 2002/2003).

117. Status Report 2007, http://rd50.web.cern.ch/RD50/ (2007), (CERN RD50 Collaboration
Status Report 2007).

118. The 4th CERN RD 50 WODEAN Meeting, Bukarest, Romania (13.-14.5.2010).

119. A. I. Namenson and E. A. Wolicki, Average Silicon Neutron Displacement KERMA Factor
at 1 MeV, IEEE Trans. Nucl. Sci. 29, 1018 (1982).

120. E. G. Wikner, H. Horiye, and D. K. Nichols, Elastic Versus Inelastic Energy Loss of Recoil
Germanium and Silicon Atoms, Phys. Rev. 136, A1428 (1964).

121. S. E. Donnelly, R. C. Birtcher, V. M. Vishnyakov, and G. Carter, Annealing of isolated
amorphous zones in silicon, Appl. Phys. Lett. 82, 1860 (2003).

122. R. M. Fleming, C. H. Seager, D. V. Lang, P. J. Cooper, E. Bielejec, and J. M. Campbell,
Effects of clustering on the properties of defects in neutron irradiated silicon, J. Appl.
Phys. 102, 043711 (2007).

123. C.-T. Sah and W. Shockley, Electron-Hole Recombination Statistics in Semiconductors
through Flaws with Many Charge Conditions, Phys. Rev. 109, 1103 (1958).



59

124. T. E. M. Staab, A. Sieck, M. Haugk, M. J. Puska, T. Frauenheim, and H. S. Leipner,
Stability of large vacancy clusters in silicon, Phys. Rev. B 65, 115210 (2002).
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