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Abstract

In this dissertation the clustering and diffusion of dopants and co-
dopants in silicon were studied with density functional based sim-
ulations. The investigations focused on three topics for which the
following results were elaborated.

Point defect clusters with phosphorus, arsenic and antimony were
examined, including mixed clusters. It was shown that these dopant
species interact, modifying their diffusion and activation. Most im-
portantly, mixed clusters can exist in similar concentrations as pure
clusters, reducing the fraction of active dopants. Furthermore, the
influence of cluster composition on the configurations and energet-
ics was analyzed. P and As atoms took similar roles in the cluster
configurations, whereas antimony leaded to different configurations.
The binding to self-interstitials was weaker for arsenic than for phos-
phorus, and weaker for antimony than for arsenic. The binding to a
vacancy was stronger for arsenic than for phosphorus, and stronger
for antimony than for arsenic. For all clusters with one vacancy and
up to four dopant atoms, the constant binding energy per dopant
atom was -1.17 eV for phosphorus, -1.27 eV for arsenic, and -1.34 eV
for antimony. Finally, reaction enthalpies were derived from the cal-
culated formation energies and the implications for dopant diffusion
and activation were discussed.

The diffusion of fluorine co-dopants in silicon is essential to under-
stand the suppression of transient enhanced dopant diffusion. There-
fore, the dominant mobile fluorine defect was determined. Among the
mobile defects FV2, FV, F and FI, the extra fluorine atom (F) was
found to dominate diffusion. In p-type silicon it was neutral and in
n-type silicon it was negatively charged. The calculated concentration
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viii Abstract

of this defect was by a factor of at least 106 higher compared to the
other mobile defects. During migration of both, F0 and F−, the fluo-
rine atom moved from one bond-centered configuration into a neigh-
boring one. For the negatively, neutral and positively charged mobile
defects the relative mobility was determined by molecular dynamics
simulations at a temperature of 1000◦C. Defect concentrations were
derived from calculated cluster formation energies for a large number
of clusters.

Finally, the diffusion of the important n-type dopant arsenic was
investigated in [100]-uniaxially compressive and tensile stressed sili-
con, for stress values up to 1.8 GPa. At a temperature of 1000◦ C,
the diffusion coefficient of the most prevalent As vacancy pair (AsV)
was found to be up to eight times higher in compressively strained
silicon than in the unstrained case. Under tensile strain, the diffu-
sion coefficient was found to be changed by a factor of maximally
0.8. In molecular dynamics simulations, AsV was observed to diffuse
via a ring mechanism in relaxed silicon, with a calculated overall en-
ergy barrier of 1.29 eV. Poisson’s ratio of uniaxially strained silicon in
[100]-direction was calculated to be 0.26.



Zusammenfassung

In dieser Dissertation wurden das Clustering und die Diffusion von Do-
tanden und Co-Dotanden in Silizium mit Funktional Dichte Theorie
basierten Simulationen untersucht. Die Untersuchungen hatten drei
Schwerpunkte für welche die folgenden Resultate erzielt wurden.

Es wurden gemischte Punkt Defekt Cluster aus Phosphor, Arsen
und Antimon studiert. Es wurde gezeigt, dass diese Dotanden inter-
agieren, was Einfluss auf deren Diffusion und Aktivierung hat. Weil
gemischte Cluster in ähnlich hohen Konzentrationen vorkommen wie
reine, reduzieren die gemischten Cluster den Anteil der aktiven Dotan-
den. Im Weiteren wurde der Einfluss der Cluster Zusammenstellung
auf deren Konfigurationen analysiert. P und As Atome verhielten sich
dabei gleich, wohingegen Antimon zu verschiedenen Konfigurationen
führte. Die Bindung an Self-Interstitials war für Arsen schwächer als
für Phosphor und für Antimon schwächer als für Arsen. Die Bindung
an Vakanzen war für Arsen stärker als für Phosphor und für Antimon
stärker als für Arsen. Für alle Cluster mit einer Vakanz und bis zu vier
Dotanden war die konstante Bindungsenergie pro Dotand -1.17 eV für
Phosphor, -1.27 eV für Arsen und -1.34 eV für Antimon. Zum Schluss
wurden Reaktionsenthalpien aus den berechneten Bildungsenergien
bestimmt und Schlussfolgerungen für die Diffusion und Aktivierung
hergeleitet.

Die Kenntnis über Fluor Diffusion in Silizium ist grundlegend, um
die Unterdrückung der temporär erhöhten Diffusion von Dotanden
zu verstehen. Zu diesem Zweck wurde der dominante mobile Fluor
Defekt bestimmt. Unter den mobilen Defekten FV2, FV, F und FI
war das zusätzliche Fluor Atom (F) dominant in der Diffusion. In p-
Typ Silizium war es neutral und in n-Typ Silizium negativ geladen.
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x Zusammenfassung

Die berechneten Konzentrationen für diesen Defekt waren um einen
Faktor von mindestens 106 höher verglichen zu jenen der übrigen mo-
bilen Defekten. Während der Migration von F0 und F− bewegte sich
das Fluor Atom von einer Bindungs-zentrierten Konfiguration in eine
benachbarte der selben Art. Für die negativ, neutral und positiv gela-
denen mobilen Defekte wurde die relative Mobilität mittels Molecular
Dynamics (MD) Simulationen bei einer Temperatur von 1000◦C be-
stimmt. Defekt Konzentrationen wurden auch für eine grosse Anzahl
von Clustern aus den berechneten Bildungsenergien abgeleitet.

Schlussendlich wurde die Diffusion des n-Typ Dotanden Arsen in
[100]-uniaxial zusammengedrücktem und auseinandergezogenem Sili-
zium untersucht. Die Druck Werte reichten dabei bis zu 1.8 GPa in
beiden Fällen. Für eine Temperatur von 1000◦ C wurde der Diffusi-
onskoeffizient des dominanten Arsen Vakanz Paares (AsV) in zusam-
mengedrücktem Silizium als bis zu acht mal höher bestimmt als in
auseinandergezogenem. Im letzteren Fall wurde eine maximale Ände-
rung des Diffusionskoeffizienten durch einen Faktor von 0.8 berechnet.
In MD Simulationen wurde beobachtet, dass AsV mittels Ring Mecha-
nismus mit einer totalen Energiebarriere von 1.29 eV diffundiert. Das
Poisson Verhältnis in uniaxial in [100]-Richtung gedrücktem Silizium
wurde zu 0.26 berechnet.
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Chapter 1

Introduction

1.1 Challenges in modern semiconductor

device fabrication

An ongoing improvement of transistor density and performance in
the semiconductor industry was predicted by the most recent interna-
tional technology roadmap for semiconductors (ITRS 2009). One of
the most important optimization techniques in state-of-the-art silicon
semiconductor device fabrication is device scaling. The constant-field
scaling rule, which maintains the electric field in the device constant,
is most widely used. Device dimensions such as gate oxide thickness,
channel length or junction depth are scaled by the same factor. Be-
sides the increased transistor packaging density, advantages of scaled
devices are the improved frequency response and current drive. How-
ever, with the scaling of the channel length the so-called short channel

effect implies a modification of the threshold voltage. As its depen-
dence on channel length is reduced by a decreased junction depth,
ultrashallow junctions provide a excellent solution. Such devices re-
quire high concentrations of dopants (∽ 1019 cm−3 and higher), typ-
ically implanted with ion beams. As a consequence, dopant diffusion
and clustering become increasingly important during the subsequent
annealing. Furthermore, immediately after ion implantation, a region
with a large supersaturation of self-interstitials in the silicon bulk ex-
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2 Introduction

ists. These form mobile defects with dopant atoms, which transiently
enhance diffusion (TED). These phenomena turn the engineering of
dopant profiles, which is crucial for device performance, into a chal-
lenging task. Today’s profile engineering techniques combine several
annealing steps at different temperatures for various implantation en-
ergies [1,2]. The optimization of such processes necessitates a detailed
comprehension of the dopant activities in silicon in each performed
step. There are two fundamental techniques to investigate the dopant
behavior during these stages.

Dopant profiles can be measured with secondary ion mass spec-
troscopy (SIMS) experiments, which are able to precisely reproduce
profiles in the nanometer range. However, these experiments can not
deliver insights into dopant activation and dynamics on the atomic
level. As only the total concentrations can be measured with these
experiments, it is not possible to discriminate between active and in-
active dopants. On the other hand, there are experimental methods,
such as spreading resistance profiling [3], which are able to measure the
dopant activity. Other experimental techniques to investigate dopant
profiling are extended x-ray absorption fine structure (exafs), medium
ion energy scattering (meis), pulse-burst saturation recovery (pbsr)
and optical nuclear double resonance (ondor).

Another vital tool to reproduce and predict dopant profiles for var-
ious implantation and annealing procedures is process simulation. Its
goal is to determine the system state after annealing with a limited
thermal budged. Therefore, process simulation must determine the
evolution of a complex reaction diffusion system with many defects
and possible reactions. Kinetic Monte Carlo (KMD) and continuum
simulation are the two fundamental approaches which include a dif-
fusion and clustering model. In a KMC simulation the defects move
and react on a lattice by predefined rules. The continuum approach
is based on reaction-diffusion equations and describes a system using
continuity and transport by drift and diffusion. However, both meth-
ods need the relevant physical properties of the involved defects as
input parameters [4].

It was the objective of this work to gain profound physical under-
standing of fundamental defect properties on the atomic level, with
density functional ab-initio simulations. The favored configurations
of defects were determined and their energies were calculated, but
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also dynamic properties such as the diffusion mechanism and the cor-
responding energy barriers of mobile defects were established. From
the defect configurations, relevant input parameters for process simu-
lation were derived, as for instance the formation, binding and reaction
energies.

Ab-initio simulations are not only an ideal instrument to improve
and support process simulation, but offer a real complement to dopant
diffusion and activation experiments.

1.2 Ab-initio simulations with VASP

All ab-initio simulations presented in this work were performed with
the Vienna Ab-initio Simulation Package (VASP) [5, 6]. VASP is a
powerful and widely used tool to perform static and dynamic calcula-
tions with periodic structures, such as crystalline solids1. A simulation
is performed in a simulation cell with periodic boundary conditions.
The interaction between ions and electrons is described with ultra-
soft Vanderbilt pseudopotentials (US-PP) or the projector augmented
wave method (PAW) [7], which was persistently used in this work. The
total energy minimization works within the Born-Oppenheimer ap-
proximation, where the electronic and the nuclear part of the Schrödinger
equation are separated. Valence electrons are quantum-mechanically
characterized with a set of plane-waves and their total energy is min-
imized within density functional theory (DFT) [8]. The plane-wave
expansion is controlled by the cut-off energy ~

2|k + G|2/2me, where
k is the wave vector, G a vector of the reciprocal lattice, me the elec-
tronic mass and ~ the Planck constant. Exchange and correlation ef-
fects can be calculated with the local density (LDA) or the generalized
gradient approximation (GGA). In the used VASP version (4.6.31),
the Perdew-Wang 91 GGA functional was applied in all simulations.

VASP enables molecular dynamics (MD) simulations but provides
also several simulation types for structural and electronic minimiza-
tion. As the results presented in this work were elaborated with so-
phisticated combinations of these simulations, a rigorous understand-
ing of each one of them is crucial. A description of the applied proce-

1VASP is also able the simulate aperiodic structures, as for instance isolated
molecules.



4 Introduction

dures is given in the following, focusing on defects in crystalline silicon.
For an explanation of not yet introduced expressions it is referred to
section 1.4.2.

1.2.1 Static calculations

In a static calculation the total energy is calculated for a configura-
tion with fixed atom positions. The energy of the electronic system is
determined for the ground state, by minimization within DFT. Static
calculations were usually performed to establish the energy of identi-
fied minimum energy structures, such as bulk silicon.

1.2.2 Relaxations

A relaxation is the structural optimization of the atoms in the simu-
lation cell. Starting from an initial configuration (start configuration)
the atoms are relaxed into a final configuration with minimal total
energy, the minimum energy configuration. The relaxation needs a
series of static calculations. Between two subsequent ones, the atoms
are moved one step into the direction of the calculated forces and stress
tensor, using a conjugate gradient algorithm. This alternate proce-
dure is executed until the driving forces for the atomic relaxation fall
below a predefined limit.

When starting from symmetric initial positions the symmetry is
conserved during the relaxation. In configuration space, this implies
that the relaxation path is restricted to symmetry axis, which disables
the discovery of asymmetric minima. Therefore, to explore more ex-
tensive landscapes of the configuration space, the relaxations were
started with asymmetric configurations. This was achieved by a ran-
dom displacement of all atoms in the start configuration. Typically,
the atoms were shifted into the directions of the three lattice vectors
of silicon, each with a length of 0.54 Å, which is 10% of the calculated
silicon lattice constant2

2The calculation of the lattice constant is presented in appendix A.1.
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1.2.3 Molecular dynamics

Molecular dynamics is a simulation method to compute the trajec-
tories of a many-particle system at a defined temperature. Hereby,
the motion of the atoms is simulated for a certain time with an iter-
ative procedure, obeying the laws of classical mechanics. For a given
start position and velocity of each atom, the forces are calculated and
the atoms are subsequently moved into the resulting directions. The
forces are derived from the gradient of the total atom potential.

The stepwise determination of the atom trajectories is obtained
by integrating the equations of motion. With time steps of the length
∆t, the atoms at the position

r(t − ∆t) = r(t) − v(t)∆t +
F (t)

2m
∆t2 −

∆t3

3!

...
r + O(∆t4) (1.1)

move to

r(t + ∆t) = r(t) + v(t)∆t +
F (t)

2m
∆t2 +

∆t3

3!

...
r + O(∆t4) , (1.2)

in a time span of 2∆t. Adding the two equations leads to the expres-
sion

r(t + ∆t) ≈ 2r(t) − r(t − ∆t) +
F (t)

m
∆t2 , (1.3)

which claims that the calculation of the position r(t + ∆t) requires
the ones of the two previous time steps. Eq. 1.3 represents a Verlet
algorithm [9] with an error of the order ∆t4. This algorithm, which is
implemented in VASP, has an iterative procedure that is independent
of the atom velocities. However, for the start positions no previous
positions are available. Therefore, they have to be estimated from an
initial velocity v(t0) by

r(t0 − ∆t) = r(t0) − v(t0)∆t , (1.4)

with t0 the time of the simulation start.
The driving force of the atom motion is the temperature T . As in a

classical N -particle system each constituent contributes with kBT
2 per

degree of freedom to the total mean kinetic energy, the temperature

T (t) =

N
∑

i

miv
2
i (t)

kB3N
(1.5)
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at time t of the system can be determined from the atom velocities
vi(t), their mass mi and the Boltzmann constant kB.

Molecular dynamics simulations can describe different ensembles.
The MD simulations with VASP were performed for constant tem-
peratures. To control the temperature during the simulation, the use
of a thermostat was required. There are several methods to hold the
system’s temperature constant, but all of them include a modification
of the Newtonian dynamics, applied in the equations of motion. A
common method is the Nosé Hoover thermostat algorithm [9] which
was used in all MD simulations with VASP.

1.2.4 The nudged elastic band method

The nudged elastic band (NEB) method is a technique to find mini-
mum energy paths and saddle points of defect transitions in the high
dimensional potential energy surface. The method requires the initial
(start configuration) and final state (end configuration) of the transi-
tion as input. In this work, only NEB simulations of defect migrations
were performed, i.e. no reactions were considered.

The NEB method starts with an initial guess for the migration
path, where a string of replicas, called images, is created between start
and end configuration. The images are generated along a straight
line interpolation and are energetically connected with springs. An
optimization algorithm is then applied to relax the images towards
the minimum energy path. By the most straightforward approach a
function of the total energy is constructed and minimized with respect
to the positions of the intermediate images. The string of images is
denoted by [R0, R1, ..., RN ] where R0 and RN are initial and final
states and the Ri (1 ≤ i ≤ N − 1) are the images. The total energy
function is

S(R0, R1, ..., RN ) =

N−1
∑

i=1

E(Ri) +

N
∑

i=1

k

2
(Ri − Ri−1)

2 . (1.6)

The first sum describes the energy of the image configurations and the
second one is the potential energy of their N interconnecting springs
(all with spring constant k), which mimic the elastic band. A rea-
sonable spring constant is crucial for a successful application of this



1.3 Thermodynamics of crystal defects 7

formalism. Too strong springs limit the elasticity of the image chain
and holds the migration path close to the initial interpolation path.
On the other hand, for weakly connected images, each one indepen-
dently relaxes into a nearby local minimum. For details about the
determination of reasonable spring constants and minimization algo-
rithms of the energy function 1.6, it is referred to [10]. Other methods
to find energy barriers are outlined in [9].

Another crucial factor in NEB simulations is the number of images,
which determines the resolution of the calculated transition path. It
was found in the investigations of this work that for transitions over
distances of about one silicon bond length (2.37 Å), 8 images typically
provided sufficient resolution.

1.3 Thermodynamics of crystal defects

In the following an introduction to the fundamental thermodynamic
quantities of defects in crystalline silicon at thermal equilibrium is
given. An overview and more details about this topic can be found
in [11]. However, defect formation and diffusion mostly happen in out-
of equilibrium states, during implantation and annealing processes.
Nevertheless, in this study the system was assumed to be temporary
steady and approximated with equilibrium states and auxiliary condi-
tions. Such conditions were included in the specification of reference
reservoirs, which provided the constituents for the defect formation3.

With the total energy of isolated defects, formation, binding and
reaction energies are first defined to characterize defect formation,
stability and thermodynamic reactions at equilibrium. Subsequently,
the thermal equilibrium concentrations are derived from the formation
energies.

3For instance, at times after the implantation, the dopant defects were formed
from a reservoir with a limited total number of substitutional dopants.
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1.3.1 Formation energy

The formation energy of a defect Xq with electronic charge q was
calculated according to

Ef [Xq] = Etot [Xq] −
∑

i

niµi + qEF (1.7)

where Etot[X
q] was the total energy of the cell containing the defect

Xq. EF was the Fermi level, ni was the number of atoms of type i in
the simulation cell, and µi was the chemical potential of an atom of
type i in the corresponding reference reservoir. The reference reser-
voirs were perfect silicon and a single dopant atom surrounded by
silicon. It followed from this definition that the chemical potential µi

described the energy which was required to add an atom of type i to
bulk silicon, in particular

µSi =
Etot [Si]

nL
(1.8)

µD = Etot [D] − Etot[Si] ·
(nL − 1)

nL
.

Here, Etot [D] was the total energy of a cell containing the neutral
dopant D in the minimum energy configuration and Etot[Si] was the
total energy of a bulk silicon cell with nL silicon atoms.

All atoms from the reference reservoirs were neutral, as for charged
defects the extra charge originated from the electron reservoir with the
Fermi energy EF. The chosen reservoirs also implied that vacancies
and interstitials needed to be created. However, in certain situations
it was appropriate to assume that interstitials and vacancies were in-
finitely available for defect formation. For example, this was a realistic
approximation for times at the silicon interstitial oversaturation, right
after implantation. Nevertheless, in such situations the calculation of
binding energies was appropriate, as explained in the following.

1.3.2 Reaction enthalpy

The reaction enthalpy is the energy which is consumed or released
when several defects react and form new ones. It was calculated as the
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difference between the sum of the formation energies of the products
and the sum of the formation energies of the reactants. Hence, a
positive reaction enthalpy means that the reaction consumed energy
and therefore represents an endothermic reaction. On the other hand,
negative reaction enthalpies denote exothermic reactions where energy
was released.

The set of possible reactions was limited by the mobility of the
reactants as they needed to approach each other. Often, only the
intrinsic point defects I and V are mobile, which drastically reduces
the number of reactions.

1.3.3 Binding energy

The binding energy is the reaction enthalpy with predefined reactants.
It was defined as the energy consumed in the formation of the defect
Xq with charge q from the reference defects Xqi

i with charge qi, given
by

Eb [Xq] = Ef [Xq] −
∑

i

niEf [Xqi

i ] (1.9)

q =
∑

i

ni · qi .

Here, the reference defects were isolated dopants in the minimum con-
figuration, vacancies and interstitials and their number was ni. The
charge of the reference defects depended on the Fermi level. However,
the total charge of all reference defects was equal to the charge of
the defect Xq. This is identical to the definition of the binding en-
ergy (or potential energy) used in KMC simulations for semiconductor
processing applications [4, 12].

With this definition it followed that defects with negative bind-
ing energy were formed by reactions of the defined mobile reference
defects. On the other hand, the formation of defects with positive
binding energy is less favored. Finally, it may be mentioned that the
binding energy did not depend on the reference reservoirs chosen for
the formation energy calculation.
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1.3.4 Defect concentrations

A statistical mechanics derivation of the equilibrium concentrations of
neutral defects in crystalline silicon with one dopant type is presented.
A thermodynamic ensemble of defects was considered at constant tem-
perature T and pressure p, for which the total energy was given by the
Gibbs free energy G. The defects were formed with components which
originated from the reference reservoirs defined in section 1.3.1. As
in equilibrium the total Gibbs free energy Gtot is minimal, its change
which resulted from the defect’s formation was minimized.

With NX the number of defects of type X, the total change in the
Gibbs free energy ∆G caused by defect formation was

∆Gtot =
∑

X

NX∆G [X] − T∆Sc (1.10)

∆G [X] = ∆H [X] − T∆S [X] , (1.11)

where ∆G [X] was the Gibbs free energy of formation of the single
defect X, given by the enthalpy ∆H [X] and the entropy ∆S [X] of
its internal degrees of freedom4. ∆Sc was the configuration entropy
of the ensemble and is identical to the mixing entropy in classical
thermodynamics. Assuming that defect X with ΘX internal degrees
of freedom could be distributed upon NS sites in the crystal, the
configurational entropy

∆Sc = k · ln

(

∏

X

(

NS

NX

)

ΘNX

X

)

(1.12)

was derived from the total number of combinatorial configurations.
The distribution included the additional assumption that there were
significantly more available sites than defects, i.e. NS ≫ NX.

As next step, Eq. 1.12 was inserted in Eq. 1.10 and the energy
was minimized with respect to NX, with the auxiliary condition that
the total number of dopant atoms in the system was constant. With

4If the defect’s internal entropy is neglected, Eq. 1.11 reduces to the formation
energy defined in Eq. 1.7.
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Lagrange’s multiplier method it followed

∂ (∆Gtot + λ
∑

X NX · nX)

∂NX
=

∆G [X] − kT ln

(

NS

NX
ΘX

)

+ λ · nX = 0 , (1.13)

where nX was the number of dopant atoms contained in defect X.
From the solution

NX = NSΘXe−(∆G[X]+λ·nX)/kT (1.14)

it appeared that the Lagrange multiplier λ was the parameter which
determined the total concentration

CD =
∑

X

nXΘX

VSi
e−(∆G[X]+λ·nX)/kT (1.15)

of dopants D in the crystal. VSi = 2 · 10−23 cm3 is the volume associ-
ated with one silicon bulk atom.

The chemical potential of defect X was calculated to

µX =
∂∆Gtot

∂NX

∣

∣

∣

∣

p,T

= −λ · nX , (1.16)

which is the total energy change of the ensemble if one defect of type
X is added or removed.

With an equivalent derivation for the concentrations of charged
defects the additional energy term qX ·EF was found in the exponent
of the distribution function

NXq = NSΘXqe−(∆G[Xq ]+λ·nXq +qX·EF)/(kT ) . (1.17)

1.4 Some preliminary explanations

To ease the comprehension of the presented results, the visualization
of defects is first described and subsequently the defect notation and
the terminology are explained.
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(a) Reference lattice (b) PV

Figure 1.1 Left: The grey cylinders represent the bonds of bulk silicon.
Right: The configuration of the phosphorus vacancy pair with reference
lattice. The P atom is indicated by the red sphere and the Si atoms by
blues ones.

1.4.1 Defect visualization

Atom configurations were visualized in reference to the lattice of bulk
silicon. The reference lattice was plotted as connected cylinders, which
represent the silicon bonds (Fig. 1.1(a)). In illustrations of different
structures than perfect silicon, the reference lattice does not corre-
spond to the actual bonds but improves the illustration of defect
structures, as the example of the phosphorus vacancy pair (PV) in
Fig. 1.1(b) shows.

For the following reason, the atom positions entailed a correction
relative to the reference lattice. In MD simulations and relaxations the
movement of atoms included mass transportation which required the
conservation of the center of mass. If heavy defect atoms were moved,
the lattice atoms were shifted into the opposite direction. This dis-
placement was equal for all lattice atoms and did not include any
configurational changes. Therefore, a correction method [13] was ap-
plied, which aligned the actual and the reference lattice.
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1.4.2 Terminology

As some of the following expressions and terms are used inconsistently
in the literature, the author’s definitions are presented to clarify their
usage in this work.

• Defect

Any irregularity in the periodic structure of crystalline silicon
is called defect. Defects can be separated by two groups, in-

trinsic and extrinsic defects. The first ones involve defects with
only bulk atoms and extrinsic defects contain metal impurities
or dopant atoms. The most frequent intrinsic defects are the
additional silicon atom (self-interstitial) and the empty lattice
site (vacancy). Larger defects can consist of several atom types
and have a more complex structure.

• Cluster

A cluster denotes a grouping or accumulation of defects and
is basically a large defect. However, there was no strict lower
limitation for the number of contained atoms in a cluster. The
two expressions cluster and defect are often used synonymously.

• Configuration

Any arbitrary geometrical arrangement of all the ions in space is
called configuration. For a system with N ions, a configuration
is represented by a point in the 3N -dimensional configuration
space5. Symmetrically equivalent ion arrangements are equiv-
alent configurations, which was regarded as one configuration.
This implies that a symmetrical configuration is represented by
all the corresponding symmetrically equivalent points in the con-
figuration space.

• Transition

The change from an initial minimum in configuration space to
another one is called transition. Specifications of transitions are
reactions, migrations and the configuration change.

5The configuration space is the space of all possible positions that the ion
system may attain.
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• Reaction

A reaction is a transition between two minima which correspond
to different defects. It describes the process of formation of
new defects or clusters from constituents which are themselves
defects or clusters.

• Migration

The transition between two configurations of the same defect
is described by a migration. During the migration, the defect
changes the position in the crystal but its constituents remain
the same.

• Configuration change

The mechanism where a defect transforms from one local min-
imum configuration to another one at a fixed position in the
crystal is called configuration change.

1.4.3 Notation

The following notation was consistently used to characterize defects
and clusters. It differentiates between interstitial-defects and vacancy-
defects.

Interstitial-defects have a totally higher atom density than bulk
silicon. Such a defect with k other atom species than silicon was
denoted as Di

n1
. . .Di

nk
Im. Here, Di

ni
indicated the ni atoms of species

i in the defect and Im were the totally m extra atoms compared to bulk
silicon. As an example, the P1As1I1 defect is shown in Fig. 1.2(a),
which was denoted as PAsI for simplification. The defect consists of
one P and one As atom and one Si atom was removed from the bulk,
which implies that there is in total one additional atom (I).

The vacancy-defects were represented by Di
n1

. . . Di
nk

Vm and were
those where in total m atoms have been removed compared to bulk
silicon. Fig. 1.2(b) depicts the SbAs2V, which included one substi-
tutional Sb and two substitutional As atoms and one empty silicon
lattice site (V).
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(a) PAsI (b) SbAs2V

Figure 1.2 Examples of an interstitial- and vacancy-defect. Si atoms are
indicated with blue, As with green, Sb with pink and P with red color.





Chapter 2

Mixed phosphorus,

arsenic and antimony

clusters

Phosphorus (P), arsenic (As) and antimony (Sb) are the three impor-
tant n-type dopants for silicon technologies. They differ in character-
istics relevant for semiconductor technology, e.g. the diffusion coeffi-
cient, the solid solubility, or their behavior in ion implantation. Select-
ing the optimal dopant for a specific application is a complex problem,
depending on the changing requirements for state-of-the-art manu-
facturing technologies. For example, antimony has recently gained
special attention because of its advantageous behavior in strained sili-
con [14,15]. The ever increasing requirements for semiconductor tech-
nology even call for solutions with several n-type dopant species in the
same region of the device, cleverly combining the respective advan-
tages and disadvantages of the individual dopant species [16–18]. The
diffusion and activation behavior of one dopant species may also be
modified by the presence of another dopant species. Therefore, the in-
teraction between the different dopant species was investigated. This
interaction can be indirect, via clusters with self-interstitials or vacan-
cies, or direct, via mixed clusters (containing several dopant species).
Comprehensive diffusion and clustering models must properly include

17
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Cell size pw-cutoff k-points Lc(Si)
216 atoms 191.312 eV Γ point 5.47 Å

Table 2.1 The VASP parameters used in the simulations: The number
of atoms in a simulation cell with bulk silicon (Cell size), the cutoff energy
for the electronic plane-wave expansion (pw-cutoff), the points at which the
Brillouin zone was sampled (k-points) and the calculated lattice constant
of silicon (Lc(Si)).

mixed clusters.

The following study on phosphorus, arsenic and antimony in sil-
icon included mixed clusters with two types of dopant atoms. The
investigation concentrated on the defect properties which are relevant
for cluster formation and diffusion. The approach was to investigate
a large number of potentially important defects to allow for the dis-
covery or confirmation of trends or general rules in the clustering en-
ergetics and defect configurations. This was achieved by consistently
using the same computational setup (Table 2.1) for all defects. A
detailed analysis of the parameter’s influence on simulation results is
presented in appendix A.2.

By calculating binding energies and reaction enthalpies, important
conclusions about the evolution of a reaction diffusion system with
many defect species could directly be made.

2.1 Cluster configurations

Instead of a detailed discussion of the minimum energy configurations
of all considered defects, their basic structure is described. For several
selected defects a more detailed description of the lattice relaxations
is presented and basic trends that hold for the other defects as well
are discussed. In the graphically shown defect configurations, Si, P,
As and Sb atoms are represented by blue, red, green and pink spheres,
respectively.
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2.1.1 Clusters of substitutional dopants

In defects without I or V, all dopant atoms were on lattice sites (sub-
stitutional). Several examples are shown in Fig. 2.1. In the following,
Dn is used to denote a group of in total n dopant atoms with arbitrary
combinations with two dopant types out of P, As, or Sb1. Due to the
Voronoi cell based criterion (outlined in appendix A.3), only config-
urations with the dopant atoms on first or second nearest neighbor
lattice sites of each other were considered. For P2 and PAs, the two
dopants were on first nearest neighbor lattice sites since the energy of
the second nearest neighbor configuration was higher. For all other
defects of type D2, the second nearest neighbor position had the lower
energy. From this followed that most D2 defects as direct neighbors
repelled each other.

For all D3 clusters, two dopant atoms were first nearest neighbors
and the third one was on a second nearest neighbor position of the
central one, as shown in Fig. 2.1(c). When different dopant species
were present, the dopant atom on the second nearest neighbor position
was always one with the larger atomic radius and the central dopant
atom was always one with the smaller atomic radius.

Although all atoms were on lattice sites, the lattice relaxed around
the impurities. Fig. 2.2 depicts the lattice relaxations around the three
isolated substitutional dopants. The lattice relaxation increased with
the increasing atomic radii of P, As and Sb. The first nearest neigh-
bors of the As and Sb dopant atoms showed clear outward relaxation.
Compared to the undisturbed bond length of 2.37 Å, the relaxation
around P was very small and the relaxation around Sb was significant.
In all three cases, the relaxations rapidly decreased with increasing
distance from the dopant atom. They reached very small values for
interatomic distances clearly below the maximum possible in simula-
tion cells with 216 lattice sites. The relaxations were predominantly
in the radial direction. The second nearest neighbors of the dopant
atoms exhibited the strongest perpendicular relaxation, which was a
consequence of the strong radial relaxations of the first next neighbors.

1Note that this is a simplification of the notation introduced in section 1.4.3.
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(a) P2 (b) As2

(c) P2As (d) PAs2

Figure 2.1 Configurations of selected clusters of substitutional dopants.
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Figure 2.2 Lattice relaxations around a single substitutional P, As or
Sb atom. The distance of all other atoms in the simulation cell to the
dopant atom is shown on the x-axis. In the upper plot, the y-axis shows
the radial displacement of the atom from the closest lattice site. Negative
and positive values represent inward and outward relaxation, respectively.
In the lower plot, the y-axis shows the displacement perpendicular to the
radial displacement.
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(a) P3V (b) SbAs2V

Figure 2.3 Configurations of selected clusters with dopants and one va-
cancy.

2.1.2 Clusters with dopants and one vacancy

For all clusters of type DxV (x = 1, 2, 3, 4), the dopant atoms sat
on the first nearest neighbor positions of the vacant lattice site. Two
representative examples, P3V and SbAs2V, are shown in Fig. 2.3.
The inward relaxation of the dopants toward the vacancy is apparent.
The relaxation increased with the increasing atomic radii of P, As and
Sb. Fig. 2.4 depicts the relaxations for three other examples (P3SbV,
P2Sb2V, and As4V) in more detail, confirming the trend. The relax-
ation was stronger than around the isolated substitutional dopants.
Again, the relaxations were predominantly in the radial direction and
they fell off rapidly with increasing distance to the vacancy.

2.1.3 Clusters with dopants and one interstitial

DI clusters had a split〈110〉 configuration. While P and As were part
of the split pair as shown in Fig. 2.5(a), Sb had a substitutional posi-
tion next to the split pair as shown in Fig 2.5(b) .

D2I clusters without Sb had split configurations as well, slightly
tilted from the 〈110〉 direction, with both dopant atoms part of the
split pair, as shown in Fig. 2.5(c). In D2I clusters with one Sb atom,
the Sb atom was sitting on a lattice site and the As or P atom was
part of a distorted split〈110〉 structure centered on a second nearest
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Figure 2.4 Lattice relaxations around a vacancy. Analogous to Fig. 2.2,
but the x-axis shows the distance of all atoms in the simulation cell to the
vacant lattice site.
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neighbor lattice site, as illustrated in Fig. 2.5(d). The configuration
of Sb2I was an extended split〈110〉 as shown in Fig 2.5(e).

In the cluster Sb3I, one Sb atom was part of a split〈110〉 pair
and the other two Sb atoms were on two second nearest neighbor
positions of the split lattice site, as depicted in Fig. 2.5(f). For P3I and
As3I, two dopant atoms were part of a tilted split〈110〉 and the third
dopant atom was on a first nearest neighbor lattice site, as presented
in Fig. 2.5(g). For all other clusters of type D3I, two dopant atoms
were part of a tilted split〈110〉 and the third dopant atom was on one
of the second nearest neighbor lattice sites (not always the same). An
example is shown in Fig. 2.5(h).

2.1.4 Clusters with dopants and two interstitials

In DI2 clusters , the dopant atom shared one lattice site together with
two Si atoms. The configuration for PI2 is shown in Fig. 2.6(a). AsI2
had a very similar structure. The configuration of SbI2 is shown in
Fig. 2.6(b).

2.2 Formation energies

The cluster formation energies calculated as explained in section 1.3.1
are summarized in Fig. 2.7. Because substitutional dopants were cho-
sen as reference defects, they are not included in the plot. Defects
with the same number of vacancies or interstitials are indicated with
the same color.

For clusters including a vacancy, the formation energy decreased
when a P atom was replaced by an As or Sb atom, or when an As atom
was replaced by an Sb atom. For clusters including an interstitial, the
formation energy increased when a P atom was replaced by an As or
Sb atom, or when an As atom was replaced by an Sb atom.

Similar to the lattice relaxations, the trends in the formation en-
ergies were consistent with the different atomic radii of the three
dopants. A vacancy represents available space in the lattice. Moving
it next to a large dopant atom reduced the system energy more than
moving it next to a smaller dopant atom. An interstitial represents



2.2 Formation energies 25

(a) AsI (b) SbI

(c) PAsI (d) SbAsI

(e) Sb2I (f) Sb3I

(g) P3I (h) SbAs2I

Figure 2.5 Configurations of selected clusters with dopants and one in-
terstitial.
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(a) PI2 (b) SbI2

Figure 2.6 Configurations of selected clusters with dopants and two in-
terstitials.

missing space in the lattice. Combining it with smaller dopant atoms
was energetically favorable.

There was a direct interaction between different dopant species.
The existence of mixed clusters significantly increased the total num-
ber of available defect species. For example, there were only three pure
but nine mixed clusters of type D4V. When a fixed concentration of
dopant atoms was distributed to a larger number of defect species,
the fraction in the individual defect species was reduced, including
the fraction of substitutional dopants. This effect was only significant
if the concentrations of the added mixed clusters was not negligi-
ble. Mixed clusters had similar formation energies as pure clusters.
Switching one dopant of a pure cluster with a substitutional dopant
of another kind did not involve a large change in energy. Therefore,
if the different dopant species were present in similar concentrations,
mixed clusters existed in similar concentrations as pure clusters.

The formation energy of all D4V and some D3V clusters was neg-
ative. With the particular choice for the reference defects, these nega-
tive formation energies were interpreted as follows: The energy gained
from binding the dopants to a vacancy was larger than the energy
required to form a vacancy. For fixed dopant concentrations, this pro-
vided a mechanism to lower the fraction of active dopants, especially
for lower annealing temperatures.

The formation energies of the investigated defects cover a range of
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Figure 2.7 The formation energies of the calculated clusters with phos-
phorus, arsenic and antimony.
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more than 6 eV. For example, typical changes in energy when replac-
ing one dopant with another in D4V type clusters were on the order of
0.1 eV. Energy differences between clusters of different types were typ-
ically much larger. Considering that energy differences usually appear
in the form of e

∆E
kT and kT = 0.112 eV at a high annealing tempera-

ture of 1300 K, it is clear that the observed trends in the clustering
energetics lead to significant effects in the clustering behavior.

2.3 Binding energies

The reference defects for the binding energy were isolated substitu-
tional dopants and vacancies or self-interstitials. An overview of the
results is shown in Fig. 2.8.

(1) The binding to vacancies was stronger for As than for P, and
stronger for Sb than for As. The binding to self-interstitials was
weaker for As than for P, and weaker for Sb than for As.

(2) It was energetically favorable to add a P, As or Sb dopant to
any of the DV, D2V or D3V clusters. However, substitutional dopants
and D2V and D3V clusters were generally considered to be immobile,
restricting such direct cluster-growth reactions.

The binding energy per atom was an interesting characterization
of the clusters. To extract the binding energy per dopant atom (ǫP,
ǫAs and ǫSb) in clusters of type DxV (x = nP + nAs + nSb = 1, 2, 3, 4)
the simple linear model

Eb = nPǫP + nAsǫAs + nSbǫSb (2.1)

was used, where nP, nAs and nSb were the numbers of P, As and Sb
atoms in the cluster, respectively. A least-squares fit to the calculated
binding energies yielded ǫP = −1.17 eV, ǫAs = −1.27 eV, and ǫSb =
−1.34 eV. In Fig. 2.9, the binding energies according to the linear
model were compared to the original formation energies. (It is a good
but not perfect fit; the residuals are not independent.) This result
confirmed the observation that the binding to vacancies decreased
with decreasing atomic weight: It was stronger for Sb than for As
and stronger for As than for P. It would be interesting to perform
equivalent calculations for larger clusters, i.e. DxV2 with x = 1, . . . , 6.
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Figure 2.8 The calculated binding energies of the clusters.
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For the binding energies of clusters with dopants and interstitials, no
good fit was obtained with a simple linear model.

2.4 Reaction enthalpies

As outlined in section 1.3.2 the reaction enthalpy is the difference
between the sum of the formation energies of the products and the
sum of the formation energies of the reactants. For example, in the
reaction

P2 + AsV → P2AsV (2.2)

the amount of energy consumed in the forward reaction and released in
the reverse direction was Ef [P2AsV]−(Ef [P2]+Ef [AsV]) = 0.08 eV−
(0.07 eV + 2.21 eV) = −2.2 eV, i.e. the reaction was exothermic. On
the other hand, the reaction

As2I + As → As3I (2.3)

was endothermic, because it consumed 0.4 eV in the forward direction.
Repulsive clusters could be formed by exothermic reactions. For

example, the reaction

PAsV + PI → P2As (2.4)

involved a I-V pair recombination and released 3.47 eV. The resulting
dopant cluster had a higher total energy than isolated substitutional
dopants. The dopant atoms repelled each other. Reactions with other
defects or spontaneous I-V pair generation were required to dissolve
such clusters. They were relatively long-lived and play important roles
in the full clustering dynamics.

For two defects to react, at least one of them must be mobile, so
that they can approach each other. The set of possible reactions was
therefore limited by the set of available mobile defects. Often, only the
intrinsic point defects I and V and the pairs DI and DV were included
in the set of potentially mobile defects. For this case, the enthalpies of
196 distinct reactions (with only one defect on the product side) were
determined by the formation energies listed in Fig. 2.7. Additional
defects may be mobile, as for example suggested by atomistic calcu-
lations for I2 and I3 [19–22], or for As2I [23]. The actual importance
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of such larger mobile defects depends on the specific application [24].
If all defects of type D2I were also considered to be mobile, 211 dis-
tinct reactions were determined by the calculated formation energies.
Among these, six reactions were slightly endothermic, including the
reaction defined in Eq. 2.3.

Most of the clustering reactions were exothermic and therefore in a
first approximation diffusion limited. There were many paths to form
a specific cluster species, with reaction rates depending on the concen-
trations and diffusivities of the building blocks. On the other hand,
the rates of cluster dissolution reactions depended on the binding en-
ergies of the emitted defects. Therefore, mixed clusters could dissolve
into mobile defects different to the ones from which they were built,
effectively transforming the population of mobile defects. Dopant-
vacancy clusters preferentially emitted dopant-vacancy pairs with the
largest dopant in the clusters. Dopant-interstitial clusters preferen-
tially emitted dopant-interstitial pairs with the smallest dopant.

2.5 Conclusions

Systematic ab-initio calculations were performed for a wide range of
clusters with phosphorus, arsenic and antimony in silicon. Using a
consistent computational setup for all defects, it was observed that P
and As atoms take similar roles in the cluster configurations, whereas
Sb leads to different atomic arrangements. The defect configurations
and energetics depended in a fundamental way on the atomic sizes of
the contained dopants. There was a direct interaction between the
different dopant species. Mixed clusters can exist in similar concen-
trations as pure clusters. The concentration of active dopants can
be reduced due to the increased number of possible cluster species.
Binding to self-interstitials was weaker for arsenic than for phospho-
rus, and weaker for antimony than for arsenic. The binding to va-
cancies was stronger for arsenic than for phosphorus, and stronger
for antimony than for arsenic. For D4V clusters, the binding energy
per dopant atom was -1.17 eV for phosphorus, -1.27 eV for arsenic
and -1.34 eV for antimony. Dopant-vacancy clusters preferentially
emitted dopant-vacancy pairs with the largest dopant in the clusters.
Dopant-interstitial clusters preferentially emitted dopant-interstitial
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pairs with the smallest dopant. When several n-type dopant species
are present in the same area of a semiconductor device, their diffusion
and activation will be modified because of their direct and indirect
interaction.





Chapter 3

Fluorine clusters and

diffusion

The implantation of fluorine in silicon devices has beneficial effects,
such as the reduction of transient enhanced dopant diffusion [25, 26].
A fundamental understanding of the fluorine behavior is necessary
to comprehend these benefits. Furthermore, to realize the formation
of ever shallower and more abrupt junctions, better understanding
and control of the location and the amount of fluorine is essential.
At temperatures above 550◦ C, fluorine in crystalline silicon exhibits
an anomalous out-diffusion characterized by migration to the surface
[27]. This leads to depletion of fluorine in the silicon substrate and
to a complete suppression of diffusion deeper into the bulk. Better
understanding of fluorine diffusion is therefore of utmost importance
to control the location and the amount of fluorine in silicon.

In this chapter, a comprehensive approach to investigate the be-
havior of fluorine in silicon is presented. Fluorine diffusion was studied
by a systematical combination of relaxations, MD and NEB simula-
tions with calculated cluster concentrations. In a first step, diffusion
events for the mobile defects were identified by the MD simulations.
Subsequently, the energy barrier were calculated with NEB simula-
tions. For the minimum energy configurations found through relax-
ations, the formation energies were determined and the concentrations
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Simulation Cell size pw-cutoff k-points Lc(Si)
(number of atoms) (eV) (Å)

Relaxations 216 300 Γ point 5.47
MD 64 300 Γ point 5.47
NEB 64 300 Γ point 5.47

Table 3.1 The VASP parameters used for the different simulations. To
perform the MD simulations with the required time, 64 atom simulation
cells were used. For the NEB simulations the cell size was the same as they
were performed for the migrations observed with the MD simulations.

of the clusters were calculated. In the final step, diffusion barriers and
cluster concentrations were combined to identify the dominant mobile
defect. The simulations were performed with the parameters given in
Table 3.1.

3.1 Notation

Instead of the standard notation introduced in section 1.4.3, this chap-
ter follows the commonly used literature notation on fluorine clusters:
A cluster FxVy was created by removing y Si atoms from the bulk and
subsequently adding x F atoms. The term FxIy describes a structure
with x F and y Si atoms added to bulk silicon lattice. The advantage
of this notation is that it roughly describes the systematical construc-
tion of the fluorine clusters (which is explained in the following sec-
tion) and thus includes information about their configurations. The
fluorine notation is transformed into the standard notation by the
simple rule: FxVy =⇒ FxIx−y, where negative indices of interstitials
represent vacancies and vice versa.

3.2 Cluster configurations

In order to find minimum energy configurations for the fluorine clus-
ters, several initial configurations for the relaxation have been chosen.
Start configurations for FxVy clusters were created by considering the
most important properties of fluorine. As fluorine has s2p5 structure,
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(a) V4 line configuration (b) V4 ring configuration

Figure 3.1 The two configurations of four vacancies as next neighbors.

removal of a Si atom from the bulk creates 4 dangling bonds as pos-
sible positions for a F atom. Fluorine as a second row element is a
rather small atom with a high electronegativity and up to 4 F atoms
can occupy the space of one silicon vacancy. Clusters with a maxi-
mum of 4 vacancies were created by the constraint that they are next
neighbors 1. For the case of 4 vacancies, there were two possible ar-
rangements. The vacancies were either arranged in the same plane
(Fig. 3.1(a)), or as shown in Fig. 3.1(b), they were next neighbors
on a hexagonal ring. The FxV4 clusters built from the ring config-
uration were found to be energetically favorable by 0.1 to 0.4 eV.
Following the method outlined above, one created 2(n + 1) dangling
bonds for clusters including n vacancies (1 ≤ n ≤ 4). Placing the F
atoms in all possible combinations on the dangling bonds generated
a large number of configurations (2384), where many were symmetri-
cally equivalent. Eliminating these equivalent cases reduced the total
number of configurations to 1712.

In the following, some general observations of cluster formation are
presented. Generally, the formation of FxVy was governed by certain
rules. The strongest condition for the minimum energy configuration
was due to the repulsive nature of F-F pairs. Therefore, the F atoms

1Some simulations have also been performed with vacancies as second or third
next neighbors. It turned out that either these configurations relaxed into first
next neighbor configurations or their energy was much higher.
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were always placed as far away from each other as possible. A sec-
ond order condition was the bond-length of F-Si, calculated to 1.7 Å.
These two facts explained the following observations for the formation
of minimum energy configurations. For each case one representative
example (Fig. 3.2) is given:

1. If the cluster included one F atom per vacancy, then the F atom
was on a connection line of the reference lattice (Fig. 3.2(a)).

2. In a cluster with two F atoms per vacancy, the F atoms were
slightly shifted from the connection lines of the reference lattice
(Fig. 3.2(b)).

3. For clusters with three or four F atoms per vacancy, the F atoms
completely moved away from the connection lines into atomic
interspaces (Fig. 3.2(c) and Fig. 3.2(d)).

In some cases, it became quite challenging to find the correct min-
imum energy configurations, as already discovered in other ab-initio
studies [28, 29]. Fig. 3.2 illustrates the relaxation of such a cluster,
the F4V configuration. During the first 20 relaxation steps, the en-
ergy strongly decreased until a energy plateau was reached. Simul-
taneously, the F atoms moved on reference lattice connection lines,
adjusting the optimal F-Si bond length. However, the relaxation con-
tinued to an even lower energy where the F atoms were shifted into
neighboring atomic interspaces.

3.3 Formation and binding energies

The results for the cluster formation energies, as calculated by Eq. (1.7),
are summarized in Fig. 3.3. In the minimum energy configuration of
the reference defect FV the F atom was not substitutional, but shifted
from the vacant site as depicted in Fig. 3.2(a). The energy of the va-
cancy and the self-interstitial agreed with results of another study [28].
Clusters with the same vacancy number are grouped together and are
indicated by the same color. The systematic construction of the clus-
ters is reflected in the plot. For all groups, the energies decreased
linearly with the number of fluorine atoms. This trend confirmed the
assumptions of a previous ab-initio study [30] which postulated that
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(c) F4V relaxation
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Figure 3.2 (a) and (b): F atoms are colored in red and Si atoms in blue.
(c): Relaxation of the F4V cluster towards its minimum energy configura-
tion. (d): Corresponding energies for each relaxation step with matching
colors for the F atom position on the left side.
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the energy for clusters of the type FxVy (0 < x < 2y + 2) can be
estimated as linear interpolation of the energies of F2y+2Vy and Vy.

Also the binding energies (Fig. 3.4) were calculated, as explained in
1.9, with I, V and F in the minimum energy configuration as reference
defects. For each cluster group, with increasing number of F atoms, a
linear dependence of the binding energy was again observed, but with
a kink when the number of F atoms in the cluster became higher than
the number of V (x > y). As it directly followed from the standard
notation this was caused by a change of the reference defects V and
I.

3.4 Cluster concentrations

As next step in the procedure, the defect concentrations in equilibrium
were determined. The numbers of the defects were obtained from the
minimization of the total change in the Gibbs free energy (as explained
in section 1.3.4). The calculation included the following assumptions:

i. The formation entropy ∆S [X] of single defects was neglected.

ii. The configuration entropy ∆Sc of the ensemble was calculated
under the assumption that in total NS positions are available
and two defects are not allowed to share the same position.

iii. The minimization was performed with the restriction that the
total number of fluorine atoms is constant.

With these assumptions the number of defects Xq with charge q is

NXq = NS · e−(Ef [X
q ]+nXq ·λ)/kT (3.1)

where nXq is the number of F atoms in defect Xq. The parameter λ
determines the total number of F atoms. Fig. 3.5(a) presents the con-
centrations of the most numerous immobile clusters at a temperature
of 1000◦ C. For each of the four groups FxVn (1 ≤ n ≤ 4), these were
the ones where all dangling bonds were occupied by fluorine atoms,
i.e. F2n+2Vn. Their number was at least one order of magnitude
higher than for the second most numerous configuration in the same
group.
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Figure 3.3 The formation energies for the investigated clusters. Left side:
Standard notation. Right side: Fluorine notation.
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Figure 3.4 The binding energies of the clusters.
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Figure 3.5 Equilibrium concentrations of neutral clusters at a tempera-
ture of 1000◦ C.
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Charge FV2 FV F FI
-1 0 (60) 0 (100) 1.6 (250) 5 (100)
0 0 (60) 0 (100) 0.4 (250) 3 (200)
1 0 (60) 0 (100) 0 (250) 3 (100)

Table 3.2 Statistics of diffusion events. For each defect the number of ob-
served events per 100 ps is given. The number in brackets is the performed
simulation time in ps.

3.5 The dominant mobile defect

The quest for the dominant diffusion defect of implanted fluorine fo-
cused on the defects FV2, FV, F and FI, which were supposed to be
mobile. Their concentrations are shown in Fig. 3.5(b). The most nu-
merous mobile defect was F, as its formation was energetically favor-
able. For FV2 a vacancy needed to be created. FV was the reference
defect and therefore its formation energy was zero. The formation of
FI consumed more energy than the one of F as more interstitials were
required. The assumption that interstitials had to be created for clus-
ter formation was included in the formation energy (Eq. (1.7)) and
thus also in the concentrations. This is appropriate for times when
the oversaturation of silicon interstitials, right after the implantation,
has already been significantly lowered. It was assumed that fluorine
diffusion was not gaining importance until this moment and the cal-
culated concentrations were used to determine the dominant mobile
defect.

For all mobile defects, MD simulations were performed to find ap-
propriate diffusion mechanisms. Table 3.2 gives an overview of the
diffusion event rates. Although FI appeared to be the most mo-
bile defect, it could not be concluded that it was also dominant in
diffusion because the defect concentrations needed to be taken into
account. For the concentration of different defects the influence of
charge states was ignored because the differences of the formation
energies in Fig. 3.3 were consistently larger than the band gap en-
ergy. With the assumption that a change of a defects charge does not
modify its configuration, the concentrations of charged defects do not
significantly deviate from those of the neutral ones. If the statistics
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Figure 3.6 The charge state of the dominant F defect depends on the
Fermi level. It changes if C(F0)Γ(F0) = C(F−)Γ(F−), where C and Γ
denote concentration and event rate. As the band-gap was derived from
DFT calculations one observes its well known underestimation [31].

in Table 3.2 was combined with the concentrations of Fig. 3.5(b), the
F defect emerged as promising candidate for the dominant mobile de-
fect. The formation energies of the neutral and negatively charged F
defect were calculated and the ratio of their concentrations was de-
rived. In combination with the observed diffusion events it was found
that the charge state of the dominant F defect depended on the Fermi
level. For p(n)-type silicon, EF was close to the valence (conduction)
band, and F0 (F−) was the dominating defect charge state (Fig. 3.6).

As final step NEB simulations were performed for F−, as all of
the 4 observed events showed the same migration path (Fig. 3.7).
The calculation consisted of three connected NEB simulations, each
with 7 images. In agreement with the minimum energy configuration
obtained by relaxation and other ab-initio [32–34] and experimental
investigations [35], the migration process started with a bond-centered
configuration, and ended in an equivalent bond-centered configuration
where the two involved bonds were neighbors. In between these two
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configurations, two local minima existed. In the direction of forward
transition, barriers of 0.72 eV, 0.30 eV and 0.33 eV needed to be
passed. In the reverse transition direction the barriers were 1.06 eV,
0.14 eV and 0.14 eV. Although the start and end configuration were
equivalent, the migration is not equivalent in forward and reverse
direction because of the two distinct local minimum configration in
between. As only events in the forward direction were observed, it
is assumed to be favored. The overall migration barrier was 1.06 eV.
Finally, it is mentioned that also in the observed event for F0 the F
atom moved form a bond-centered configuration into a neighboring
one.

3.6 Conclusions

To summarize, it was found that the proposed method to investi-
gate the diffusion of fluorine defects in silicon was successfully accom-
plished. A sequence of computational steps was combined, each one of
which was absolutely indispensable. The elaborated method is basis
for more extensive investigations about diffusion of mobile defects, as
presented in the following chapter. With a high level of confidence,
it was established that the mobile F defect is the most promising
candidate to dominate fluorine diffusion in silicon.
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Figure 3.7 The migration process of the F− defect. The F atom moves
from a bond-centered position into a neighboring bond-centered position.
Top: The pathway of the atoms involved in the migration is shown. Bottom:
The corresponding NEB energies.





Chapter 4

Arsenic diffusion in

strained silicon

Arsenic, with its high solubility and rather low diffusivity, is an ide-
ally suited n-type dopant for silicon [36]. However, during postim-
plantation annealing at high concentrations, arsenic exhibits the phe-
nomenon of transient enhanced diffusion, which can be explained by
vacancy-mediated diffusion [37,38]. A solid understanding of AsV dif-
fusion is very important to control effects as the resulting dopant pro-
file spreading. Another challenging task in the fabrication of scaled
devices is the improvement of the electrical performance. In recent
years, strain engineering has established itself as a very successful
technique in this field. Uniaxial strain is preferred in most comple-
mentary metal-oxide semiconductor transistor technologies [39].

Arsenic diffusion in uniaxially strained silicon was studied. First,
the elastic behavior of crystalline silicon under compressive and tensile
stress was investigated by calculating Poisson’s ratio. The obtained
result was consecutively used for all simulations with strained struc-
tures. In a second step, the strain dependence of the relative diffusion
coefficient was determined for the dominant mobile arsenic defect. For
this purpose, the strain dependent minimum energy configurations of
the four mobile defects I, V, AsI and AsV were analyzed and their for-
mation energies were calculated. AsV was determined to be the most

49
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Simulation Cell size pw-cutoff k-points Lc(Si)
(number of atoms) (eV) (Å)

Relaxations 216 300 Γ point 5.47
MD 64 300 Γ point 5.47
NEB 64 300 Γ point 5.47

Table 4.1 The VASP parameters used for the different simulations.

numerous defect due to its significantly smaller formation energy. In
contrast to a previous ab-initio work on AsV diffusion in strained sili-
con [40], its diffusion mechanism was examined with MD simulations.
Furthermore, all migration steps of the observed ring mechanism were
considered. The calculated migration barriers were combined with the
formation energies to finally estimate the AsV diffusion coefficient.

The following investigations were performed with the simulation
parameters given in Table 4.1.

4.1 Poisson ratio of silicon

In the following bulk silicon as well as silicon with defects were as-
sumed to behave like linear elastic solids. For such structures a defor-
mation only holds as long as the small load is applied, i.e. it returns
into its original shape if the load is removed. Furthermore, the rela-
tion between applied stress (σ) and the resulting strain (ε) is described
by the generalized Hooke’s Law which is with Einstein’s summation
convention

σij = Cijklεkl . (4.1)

C is a 4th order tensor with Cijkl = Cklij and is called elasticity
tensor. The elasticity concept is associated with the existence of a
stored energy function of the deformed body, known as the strain
energy function

Eε
tot =

1

2
Cijklεijεkl · V , (4.2)

where V is the volume of the strained elastic object.
As preliminary investigation into defect structures of strained sil-

icon, perfect silicon was studied under uniaxial stress, as schemati-
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(a) Compressive strain (b) Tensile strain

Figure 4.1 Illustration of uniaxially [100] strained silicon: Red and green
arrows show the directions of the applied and resulting strains, respectively.
4.1(a): If compressive strain is applied, the structure is relaxed equally in
the two vertical directions. 4.1(b): For tensile strain, the crystal contracts
equally in those directions.

cally demonstrated in Fig. 4.1. The elasticity tensor was determined
with ab-initio simulations and Young’s modulus and Poisson’s ratio
were derived as follows. First, the total energy of perfect silicon was
calculated for a combination of uniformly distributed strain values
(Fig. 4.2). As the two perpendicular directions [010] and [001] were
symmetrically equivalent for uniaxial stress (σxx), the energy function
4.1 turned into

Eε
tot[Si] − Eε

ref [Si] = (
1

2
Cxxxxε2

xx +

2Cxxyyεxxεyy + (4.3)

2Cyyyyε
2
yy) · V ,

where V = 4.4 · 10−21cm3 was the volume of the simulation cell for
which the total energies were calculated. Fitting the total energies
with this function leaded to the elasticity tensor components Cxxxx =
156 GPa, Cxxyy = 58 GPa and Cyyyy = 110 GPa.

The relation between uniaxial stress and strain in the [100]-direction
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Figure 4.2 The calculated total energies of silicon (dots) for combinations
of perpendicular and parallel strain. The blue surface represents the fit of
the energies with a function of the type as in Eq. 4.3. The strain values for
which the energy is minimal are represented by the red line.
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is given by Young’s modulus

Y100 =
σxx

εxx
= Cxxxx −

C2
xxyy

Cyyyy
= 125 GPa , (4.4)

which agreed well with the theoretical value Y100 = 130 GPa [41]. For
a maximum tensile and compressive strain value of 0.014, the result
implied stress up to 1.8 GPa, which is a reasonable value in strain
engineering.

The strain resulting in the two symmetrically equivalent perpen-
dicular directions [010] and [001] is given by Poisson’s ratio

ν = −
ε⊥
ε‖

= −
εyy

εxx
= −

εzz

εxx
=

Cyyxx

2Cyyyy
= 0.26 . (4.5)

Also this result agrees very well with other experimental [42] (ν =
0.27) and theoretical [41] (ν = 0.28) studies of Poisson’s ratio.

4.2 Mobile defects

In the following, the minimum energy configurations of the four mobile
defects V, I, AsI and AsV in uniaxially strained silicon are discussed,
followed by a presentation of the calculated formation energies. For
the interstitial defects, the two orientations <110> and <011> were
investigated, because they were not equivalent in uniaxially strained
silicon. Note that each of the four remaining split orientations was
symmetrically equivalent to one of them.

4.2.1 Configurations

The minimum energy configurations of the defects were determined
with relaxations for each applied strain value. The analysis of the
resulting configurations was performed in configuration space. For a
strained structure, the coordinate system of the configuration space
differs from the one in the unstrained case. However, the configura-
tions must be compared in the same coordinate system. Therefore,
all the configurations of the differently strained structures were trans-
formed into the coordinate system of unstrained silicon. In order to
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visualize the multidimensional configuration space, it was reduced to
two dimensions by a classical multidimensional scaling technique [43].
This one takes a matrix of interatomic distances which represents a
point in configuration space. Ideally, those points can be constructed
in two dimensions, and the Euclidean distances between them approx-
imately reproduce the original distance matrix. Fig. 4.3 and Fig. 4.4
show the minimum energy configurations in the lattice of unstrained
bulk silicon (upper figures) and in the reduced configuration space
(lower figures). Points in the configuration space which are grouped
together, are regarded as the same configuration. With this definition,
the following three configuration classes were identified:

i. Separated, The configurations of V were separated into two groups
(Fig. 4.3(a)), corresponding to tensile and compressive strain.
The two distinct Jahn-Teller distortions of the vacancy’s four
neighboring Si atoms are represented by grouped points in the
configuration space.

ii. Strain independent, The minimum energy configurations of the
interstitial defects were all split configurations which were iden-
tical for differently strained silicon (Fig. 4.4).

iii. Continuously changing, Although the vacancy and As atom were
direct neighbors in all AsV configurations, there were small but
continuously changing configurations for the different strains
(Fig. 4.3(b)).

From these results, it was concluded that the minimum energy con-
figurations of defects may change in differently strained silicon.

4.2.2 Formation energies

The formation energy calculation of defects in strained silicon was a
generalization of the unstrained case described in section 1.3.1. The
formation energy of a defect X in silicon with strain ε was calculated
according to

Eε
f [X] = Eε

tot [X] −
∑

i

niµ
ε
i , (4.6)

where Eε
tot[X] was the total energy of the strained simulation cell

containing the defect X, ni was the number of atoms of type i in the
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(a) V

(b) AsV

Figure 4.3 The minimum energy configurations of the mobile defects V
and AsV in real (upper) and configuration (lower) space. The saturation of
the colors for compressive (red) and tensile (blue) strain increases for values
towards the unstrained case (black). The axis unit of the configuration space
is Angström.
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(a) I<110> (b) I<011>

(c) AsI<110> (d) AsI<011>

Figure 4.4 The minimum energy configurations of the interstitial defects.
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cell, and µε
i was the corresponding reference energy, respectively. The

reference defects were strained silicon and a single substitutional As
atom surrounded by strained silicon. This leaded to the following
definition of the reference energies

µε
Si =

Eε
tot[Si]

nL
(4.7)

µε
As = Eε

tot [As] − Eε
tot[Si] ·

nL − 1

nL
,

where Eε
tot[Si] was the total energy, nL the total number of atoms of a

silicon simulation cell under strain ε and Eε
tot [As] was the total energy

of a strained simulation cell containing the neutral arsenic dopant in
the minimal energy configuration, respectively.

The application of Eq. 4.3 for the total energies in Eq. 4.6 permited
in combination with Eq. 4.5 to express the formation energy of a
defect as a quadratic function of the applied uniaxial strain εxx. The
calculated formation energies in Fig. 4.5 were therefore quadratically
fitted.

The formation energies of the two discovered vacancy configura-
tions for tensile and compressive strain were reproduced with two fits,
which coincided for the unstrained case. Compared to this one, the
formation of a vacancy was increasingly favored for both tensile and
compressive strains.

The self interstitial was an additional atom in the bulk and there-
fore volume increase supported its formation. An extension of the
lattice decreased the formation energy. For tensile strains, the forma-
tion of the <110> orientation was favored. For compressive strains,
the self-interstitial had <011> orientation.

Using the same spatial arguments as for the self-interstitial, the
formation energies of both AsI orientations decreased when the struc-
ture was extended. While the <110> AsI case was favored for com-
pressive strains, none of the orientations was preferred for the tensile
case.

The formation energies of the different minimum energy configu-
rations of AsV were approximated with two fits. Compared to the
other mobile defects, the formation energies of the AsV was signifi-
cantly smaller (at least 0.5 eV). This agreed with the prevailing opin-
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ion in literature [11, 44], which states that AsV makes a dominant
contribution to the diffusion of arsenic in silicon.

The results of V and AsV illustrated the importance of the strain
dependent determination of the minimum energy configurations. The
correct formation energies could only be obtained from those. For
example, if the tensile minimum energy configuration of V had been
considered to be also minimal in energy for compressive strains, its
formation energy would have increased for compressive strain (indi-
cated by the dashed line), which had misled to the wrong conclusion
that the V concentration decreases with tensile strain.

4.2.3 Diffusion mechanism of AsV

AsV diffusion was investigated with a MD simulation of 170 ps at
1000◦C. The simulation was performed in a unstrained cell with 63
atoms and with a time step of 1 fs. The result confirmed the ring
mechanism proposed in other studies [45, 46]. Fig. 4.6 explains the
mechanism schematically. The As atom first exchanges its position
with the neighboring vacancy. Then, the vacancy migrates from one
site of a hexagonal silicon ring to the next until it finally returns
into another first neighbor position of the As atom. The mechanism
then starts again with the exchange of As atom and vacancy. In the
simulation, the exchange of the As atom with the neighboring vacancy
was discovered, followed by vacancy migrations from the first (NN1)
to the third (NN3) nearest neighbor position. However, because of
the symmetry of the NN3 configuration in a hexagonal ring, this part
characterized the complete ring mechanism.

The diffusion mechanism of the AsV pair was analyzed by a sys-
tematic combination of MD, relaxations and NEB simulations. After
the MD simulation, start and end configurations of the appropriate
migrations were determined with relaxations from corresponding MD
steps. Afterwards, the migration barriers between these configura-
tions were calculated with NEB simulations.

A summary of the migration statistics from the MD simulation
is given in Table 4.2. The migration energy barriers in Fig. 4.7(a)
were in the same range as those of other ab-initio studies [45, 46].
The exchange event was most frequent as it exhibited the smallest
energy barrier (0.70 eV). In the preferred configuration, As atom and
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Figure 4.5 The calculated formation energies (markers) of the mobile
defects V, I, AsI and AsV with quadratic fits (lines).
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(a) Before exchange (b) After exchange (c) NN2

(d) NN3 (e) NN2 (f) NN1

Figure 4.6 Schematic illustration of the ring diffusion mechanism of the
AsV pair: The As atom is indicated by the black and the vacancy by the
empty circle. First, As atom and vacancy exchange position. Then, the
vacancy migrates around the hexagonal ring until it ends in another first
next neighbor position of the As atom.
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Mechanism Number of events Configuration Time
(ps)

Exchange 8 NN1 164.0
NN1 ↔ NN2 6 NN2 4.6
NN2 ↔ NN3 1 NN3 1.4

Table 4.2 Statistics of the MD simulation.

vacancy were first next neighbors. This was the minimum energy
configuration, which had already been determined in an earlier study
[47]. Although the NN2 configuration was visited 6 times, only 4.6 ps
were spent in this configuration. Whenever the vacancy jumped to the
NN2 position, it immediately moved back into the NN1 configuration
as a consequence of the small backward barrier (0.01 eV). The time
the vacancy spent in the NN3 configuration was even shorter as it was
visited only once.

The NEB trajectories for the three migrations are presented in
Fig. 4.7. During the exchange the As atom moved straight into the
vacancy position (Fig. 4.7(b)). The Si atom deviated only slightly
from the direct path when moving from NN3 to NN2 (Fig. 4.7(d)).
However, during the migration of the vacancy from NN1 to NN2, the
corresponding Si atom did not move on the shortest line from one
lattice site to the next. It passed a minimum energy configuration,
which is the small kink in the energy plot. Finally, it ended in a
position slightly off a lattice site (Fig. 4.7(c)), shifted into the direction
of the vacancy. This was caused by the two cumulative effects that
a vacancy acts attractive on its neighbors whereas substitutional As
atoms repel the surrounding Si atoms.

4.3 AsV diffusion in strained silicon

As a first step towards the determination of the AsV diffusion coef-
ficient in uniaxially strained silicon, the diffusion rate (ΓAsV(ε)) for
the ring mechanism was calculated with a simple random walk model
where the vacancy jumped between the minimum energy configura-
tions. The case where the vacancy moves directly around the hexag-
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Figure 4.7 The NEB energy barriers (Fig. 4.7(a)) for the AsV ring mech-
anism which is symmetric in the NN3 position (dashed line) and the mi-
gration trajectories (Figs. 4.7(b)-4.7(d)) of the ring mechanism calculated
with NEB simulations. For consecutive NEB images the atoms are colored
from green to blue. The As atom is indicated by the large sphere.
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onal ring was considered, i.e. it was forbidden to jump into previous
configurations. For this case the strain dependent diffusion rate was
calculated as

ΓAsV(ε) = p(ε)

(

5
∑

i=1

1

Γi(ε)

)−1

(4.8)

p(ε) =

5
∏

i=1

pi(ε) (4.9)

pi(ε) =
Γi(ε)

Γi(ε) + Γi−1(ε)
(4.10)

Γi(ε) = Γa · e
−Ei

b
(ε)/kT . (4.11)

Here, p(ε) was the probability of the considered migration path, where
the five migrations happen consecutively. The probability pi(ε) for mi-
gration i was determined from the migration rates Γi(ε) and Γi−1(ε),
where i−1 denoted the backward migration1. The attempt frequency
Γa was assumed to be the same for all migrations and strains. The
correctness of this assumption was based on strain dependent transi-
tion state theory attempt frequency calculations, which showed that
their influence on Γi(ε) was at least a factor of 100 smaller than that of
the energy barriers. In any case, when the relative diffusion rate was
finally calculated, Γa cancels out. Ei

b(ε) was the energy barrier of mi-
gration i and k, T were the Boltzmann constant and the temperature,
respectively.

To complete the estimation of the diffusion coefficient

DAsV(ε) = D0 · e
−Eε

f
[AsV]/kT · ΓAsV(ε) , (4.12)

the calculated AsV formation energies were included, where the pref-
actor D0 with dimension [cm2] was assumed to be strain independent.
The results for the NEB barriers Ei

b(ε) and the relative diffusion rate
are presented in Fig. 4.8. To determine the strain dependent start
and end configurations for the NEB simulations, the minimum energy
configurations of the MD simulation were again relaxed in strained

1For example, if i denotes the migration of the vacancy from NN1 to NN2, then
i
−1 is the inverse migration from NN2 to NN1.
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Figure 4.8 Left: The quadratically fitted dominant energy barriers for
the migrations of the AsV ring mechanism. Right: The relative diffusion
rate for three different annealing temperatures.

silicon. As the high barriers dominated in the calculation of ΓAsV(ε),
only those are shown in the figure. In contrast to the result of an
ab-initio study with the assumption of strain independent minimum
configurations [40], a stronger strain dependence of the relative diffu-
sion rate was found in compressive silicon than in tensile.

The final result for the relative diffusion coefficient calculated with
Eq. 4.12 is shown in Fig. 4.9. In consistence with experiments [48],
for compressive strain and an annealing temperature of 1000◦ C, dif-
fusion was strongly enhanced (by a factor of up to eight) compared
to unstrained silicon. This fact was a direct consequence of the in-
creasing diffusion rate and the decreasing formation energy in Fig. 4.5,
which both enhanced diffusion. For the same reasons there was no rel-
evant change in diffusion in tensile strained silicon, as the decreasing
diffusion rate canceled the increasing concentration. Also this result
agreed with an experimental investigation [49]. The same trend was
observed for other temperatures. Furthermore, in compressive silicon
the diffusion was predicted to increase by a factor of 20 for low an-
nealing temperatures (600◦ C). For high temperatures the increase for
compressive strain was strongly reduced (factor 4.7 at 1400◦C).
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Figure 4.9 The relative diffusion coefficient of AsV in strained silicon.

4.4 Conclusions

A strong increase of arsenic diffusion was established in uniaxially
compressive silicon due to increasing AsV concentration and lowered
migration barriers. In the tensile case, these two quantities showed
opposite strain dependence, with the result that diffusion remained
unchanged. Next to the results, the strength of this work is the devel-
oped methodology that combines a sequence of absolutely indispens-
able computation steps. The method is perfectly suited for further
investigations on point defect diffusion in strained silicon.





Chapter 5

Conclusion and outlook

To summarize, extensive ab-initio calculations of defect clustering and
diffusion with dopants and co-dopants in crystalline silicon were pre-
sented. The calculations on phosphorus, arsenic and antimony clus-
ters offered detailed information about the formation of defects with
mixed species. The results of the fluorine study provided completely
new insights in the defects’ diffusion mechanisms and the ones for the
relative diffusion constant of arsenic in strained silicon agreed well
with experimental studies. In the presented investigations, the influ-
ence of crucial factors as the system temperature, the defect’s charge
state and the strain of the embedding silicon structure was considered.
The combined conclusions of the elaborated results are summarized
in the following concept (Fig. 5.1).

5.1 The diffusion concept

The aim of the presented work was to provide detailed information
about defect clustering and diffusion on the atomic level. As it was
shown in chapter 2, from the calculated formation and binding en-
ergies of the numerous mixed clusters with phosphorus, arsenic and
antimony, qualitative conclusions about the prevalent diffusion reac-
tions can directly be derived. In the chapters 3 and 4 the focal point
was the determination of the dominant mobile defect and its diffusion
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processes. To achieve these goals, it is concluded that the following
four consecutive steps were indispensable.

i. Mobile defects, First, the mobile defects were identified for the
dopant species which was investigated. MD simulations of po-
tential mobile defects, consisting of one dopant with one vacancy
(DV) or one dopant with one (DI) or two interstitials (DI2)
were performed. With the increasing complexity of larger de-
fects’ diffusion mechanisms, they were assumed as less promising
candidates. For the discovered mobile defects, several diffusion
events were typically observed in a few hundred picoseconds at
a temperature of 1000◦ C.

ii. Diffusion rate (Γ), To analyze the diffusion mechanisms, the
pathway and energy barrier were calculated for each sub-step
with NEB simulations. Two techniques were used to determine
the diffusion rate. For events which occurred with a frequency
which was large enough to be statistically representative, the
diffusion rate was equal to the observed event frequency. If the
number of events was too small, it had to be derived from the
energy barriers and attempt frequencies, using transition state
theory calculations.

iii. Concentration (C), Besides the diffusion rate, the concentration
of the defects is the second crucial quantity for diffusion. These
were established from the formation energies of the minimum
energy configurations. An extensive search for minimum config-
urations was the key for accurate defect concentrations.

iv. Diffusion constant (D), The dominant mobile defect and its dif-
fusion constant were finally determined by combining the con-
centration and the diffusion rate. Depending on the system pa-
rameters the influence of the two factors was either cumulative
or compensative1.

1The diffusion of AsV in compressive silicon was enhanced by an increasing
concentration and diffusion rate, and it remained unchanged in tensile silicon be-
cause of the increasing concentration and decreasing diffusion rate. The negatively
charged F− and neutral F showed the same behavior for different Fermi energies.
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Figure 5.1 The four step diffusion concept. For the mobile defects, the
concentration (C) and the diffusion rate (Γ) were determined to estimate
the diffusion constant D. In each step the influence of system parameters
was considered.

5.2 Future work

With the gained insights, the explained diffusion concept is a per-
fectly suited method to investigate the diffusion of further dopants.
The strain dependence of boron diffusion in silicon is one question
which is not yet consistently answered in the literature. Although
there is general agreement that the dominant mobile defect is the
boron interstitial pair (BI), its diffusion mechanism is not definitely
identified [40, 50] in strained structures. The application of the out-
lined procedure to the BI defect is a promising approach to these
problems.

The combined presence of dopants and co-dopants in semiconduc-
tor devices results in the formation of mixed clusters. The findings
about the formation and reaction of the mixed dopant clusters with
phosphorus, arsenic and antimony is a solid basis which will be used
to extend the investigations to mixed dopant and co-dopant clusters.
Combinations of particular interest include n-type dopants combined
with carbon. The determination of the stable clusters via forma-
tion energies will enable to qualitatively predict the amount of active
dopants. On the other hand, in p+ junctions the dopants occur in
combination with fluorine and carbon. The fluorine co-dopant has
experimentally been shown to reduce TED of boron and enhance its
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activation [25, 26, 51]. The first phenomenon was explained with the
ability of FxVy clusters to catch self-interstitials [30]. Therefore, it
is essential to study the influence of boron on the formation of FxVy

clusters. To elucidate the enhanced boron activation on the atomic
level, the elaboration of stable clusters is again promising.



Appendix A

Complementary

investigations

A.1 Lattice constant of crystalline silicon

The lattice constant of a cubic crystal is defined as the distance be-
tween the unit cells of its perfect structure, for which the total energy
is at minimum. For the diamond structure of silicon, the experimen-
tally established lattice constant is 5.43 Å [52]. To determine the
lattice constant of silicon in VASP, the total energy of the silicon di-
amond structure was minimized in dependence of the cubic unit cell
size (Fig. A.1). In the investigation all factors which influence the
total energy were considered. The simulations were performed in cu-
bic simulation cells with 216, 64 and 8 atoms, different values for the
cut-off energy of the plane-wave expansion were used and the number
of k-points was varied. As the Brillouin zone grows for decreasing
simulation cells, the total number of k-points must be enhanced to
achieve the same k-point density. The Monkhorst-Pack method [53]
was used for the reciprocal mesh generation. In the performed static
calculations the lattice constant of the simulation cell was increased
in steps of 0.01 Å, from 5.40 to 5.55 Å. Assuming crystalline silicon
as linear elastic solid, the calculated energies were quadratically fit-
ted. Finally, the lattice constant was analytically calculated as the
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Cell size k-points pw-cutoff Lc

(number of atoms) (eV) (Å)

8
4x4x4

319 5.4693
245 5.4736

5x5x5 245 5.4740

64 4x4x4
319 5.4695
245 5.4739

216
2x2x2 245 5.4732

4x4x4
319 5.4695
245 5.4734

Table A.1 Summary of the calculated lattice constants of bulk silicon
with different cell sizes and accuracy parameters.

minimum of the parabolic fit.
The results in Fig. A.1 demonstrate that a change of the considered

parameters solely resulted in a constant shift of all total energies, but
had no influence on the calculated lattice constant. Table A.1 gives a
summary of the results of the performed simulations. The minima of
the fits have a very small variation (0.05 pm) and the lattice constant
of silicon was determined to 5.47 Å.

A.2 Accuracy evaluation of the simulation

results

Generally, the ab-initio simulations with VASP required a lot of com-
putation time. Moreover, the investigations on several properties1

of many defects drastically increased the number of required simula-
tions. Therefore, the available computation time per simulation was
restricted, which implied that the simulations had to be performed
with limited accuracy. Hence, it was essential to find an optimal
trade-off between computation time and result accuracy.

The influence of the three most important VASP parameters on

1For instance the charge state of the defect or the strain of the embedding
silicon structure.
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Figure A.1 The calculated total energies (markers) with quadratic fit
(line) for different lattice constants and VASP parameters. The scaling of
the energy axis changes for the different cell sizes.



74 Complementary investigations

a representative sample path in configuration space was investigated.
A vacancy was stepwise moved from the first to the second nearest
neighbor of a P atom. The parameters with the strongest influence
on computation time and the calculated energy are the cell size, the
pw-cutoff, the k-points and the width of the smearing of the electronic
charge distribution (σ) in units of eV [6].

The results of the path calculations for different values of these
VASP parameters are presented in Fig. A.2. Similar to our inves-
tigations about the lattice constant of silicon in section A.1, it was
found that for a combination of fixed parameter values the energy of
each step was shifted by the same constant, compared to those for
other values. Nevertheless, the parameters’ influences were not inde-
pendent. For instance, the change of σ from 0.01 to 0.02 eV for the
270 eV cutoff and a 3x3x3 k-points mesh resulted in a small energy
shift (0.015 eV). In contrast, the same change of sigma for 191.3 eV
cutoff energy and 1 k-point lowers the energies by 5.853 eV.

Overall, it was concluded from theses observations that configura-
tions are not affected by the parameters, but only their total energy.
The influence of this fact for derived quantities, as for example the
formation energy, requires further investigation.

For this purpose, the numerical accuracy of calculated formation
energies was estimated for a selection of phosphorus and arsenic clus-
ters which were studied in chapter 2. The pw-cutoff energy was
set to 270 eV, a 3 × 3 × 3 Monkhorst-Pack k-point mesh was used
and the smearing of the electronic charge distribution was unchanged
(σ = 0.01). A comparison with the results from the default parameter
settings (Fig. A.3) indicates that both calculations do indeed repre-
sent the same trends. It was found that the observed trends could be
considered as independent of the details of the computational setup,
as long as a reasonable setup was consistently used for all calcula-
tions. Furthermore, for each defect, either the absolute difference was
below 0.1 eV or the relative difference was below 15%. Finally, it
was concluded that simulations with the VASP parameters which al-
low extensive calculations provide results with sufficient accuracy to
correctly predict trends for defect formation energies. The reasonable
values for the parameters were presented in the tables at the beginning
of each chapter.
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Figure A.2 Energy paths of a vacancy moving from a first into a second
nearest neighbor position of a P atom. In the upper figure the relatively
shifted energy paths are illustrated. The lower figure shows a direct com-
parison of the paths for the different parameter values. In the legend, these
are pw-cutoff (eV), k-points and σ (eV) from left to right.



76 Complementary investigations

−2 −1 0 1 2 3

PV  2.35

AsV  2.21

P
2
V  1.06

As
2
V  0.87

P
3
V  0.22

As
3
V −0.17

P
4
V −1.12

As
4
V −1.53

Formation energy (eV)

(a) Standard parameter values

−2 −1 0 1 2 3

PV  2.54

AsV  2.41

P
2
V  1.10

As
2
V  0.87

P
3
V  0.20

As
3
V −0.25

P
4
V −1.29

As
4
V −1.80

Formation energy (eV)

(b) High accuracy values

Figure A.3 Comparison of formation energies of selected clusters (with
simple configurations) calculated with different k-point sampling and plane-
wave energy cutoff. Left: Γ-point and 191.312 eV. Right: 3 × 3 × 3
Monkhorst-Pack and 270 eV.
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A.3 Determination of minimum energy con-

figurations

To determine the minimum energy configuration of a defect, relax-
ations were performed for several guessed initial configurations. In the
general case, the relaxations ended in different local minima. Among
these, the one with the lowest total energy was assumed to be the
most favored and therefore defined as the global minimum energy
configuration. However, this technique was not applicable in certain
cases as for instance for repulsive defects. If one considers a defect
D2 with two repulsive dopants, the configuration energy continuously
decreases with increasing dopant distance. To distinguish the defect
D2 from two spatially separated dopants D, an extra condition was
introduced. This one limited the spatial extension of a defect by a
criterion which was based on the Voronoi cells of bulk silicon [54].
Each Voronoi cell that did not contain exactly one silicon atom was
marked as defective. Two Voronoi cells were defined to be connected
when they belong to first or second nearest neighbor lattice sites. A
defect was considered to be represented by a set of connected defective
Voronoi cells.

A.4 Energy correction for charged defects

In simulations with charged defects, their interaction with the neigh-
bors in the periodically repeated simulation cells had to be consid-
ered because of the long ranging Coulomb potentials. Additionally,
the total electrostatic potential of such a periodic system with a net
charge diverges. To enable convergence, a neutralizing and uniformly
distributed background charge is introduced in VASP. However, this
implies electrostatic interactions which require a correction of the to-
tal energy. As derived in [55], for a cubic simulation cell with length L,
the energy E(L) which includes the electrostatic interactions is given
by

E(L) = E0 −
q2α

2Lε
−

2πqQ

3L3εSi
+ O(L−5) . (A.1)

Here, q is the net charge in the simulation cell, Q is the quadrupole
in the multipole expansion of the electrostatic potential, α is the
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Madelung constant and εSi the dielectric constant of silicon. For an
infinitely large simulation cell the Coulomb interactions decrease and
the total energy converges to E0. The energy of cells with limited size
can be corrected (with an error of the order O(L−5)) by adding the
monopole and quadrupole term.

A.4.1 The correction method

Based on Eq. A.1, the following correction methods included monopole-
monopole and monopole-quadrupole interactions. Furthermore, sys-
tems with dipoles could be corrected too. However, in both cases the
method was only applicable for defects with localized net charge q. In
this case, VASP automatically calculates

• The trace Qq of the quadrupole matrix

• The electrostatic energy of the monopole-monopole-interaction
E(q)

• E(Pq , Qq), the correction term including dipole and quadrupole
interactions

The total energy correction was derived from these quantities, but
differently calculated in the following two situations.

Defects without a dipole

The term E(Pq , Qq) = E(Qq) included only the quadrupole-monopole-
interactions, but not only the defect induced part. A contribution of
the total charge density distributed over the whole cell was also con-
tained. To determine the defect’s input, its induced quadrupole (QD

q )
was first determined. This one was

QD
q = Qq − Q0 , (A.2)

which was the difference between the quadrupole of the charged defect
(Qq) and the one of a neutral bulk silicon cell (Q0) with the same size.
As the energy E(Qq) of a system without dipole is proportional to the
quadrupole Qq (for arbitrary q), the constant

Kq =
E(Qq)

Qq
(A.3)
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was determined, which was subsequently used to calculate the defect
induced quadrupole-monopole correction energy

ED(Qq) = Kq · Q
D
q . (A.4)

Finally, the total energy correction

△Etot(q, Pq = 0, Qq) =
E(q) + ED(Qq)

εSi
(A.5)

was given by the sum of monopole and quadrupole corrections, divided
by the dielectric constant.

Defects with a dipole

A dipole’s contribution (E(Pq)) in E(Pq, Qq) was determined by sub-
traction of the quadrupole-monopole part

E(Pq) = E(Pq, Qq) − Qq · K
atom
q , (A.6)

where the proportionality constant Katom
q was used again. However,

as E(Pq, Qq) included also the dipole interactions, the constant had
to be determined from a system without dipole, but with the same
net charge as the defect. The simplest case was a simulation cell with
one single atom. For such a periodic cell structure, the formation of
dipoles was forbidden by symmetry and

Katom
q =

E(Qatom
q )

Qatom
q

, (A.7)

as well as the defect induced quadrupole-monopole correction

ED(Qq) = Katom
q · (Qq − Q0) (A.8)

were calculated as in the previous section. Finally, the total correction
energy was

△Etot(q, Pq, Qq) =
E(q) + E(Pq) + ED(Qq)

εSi
. (A.9)

It may be mentioned that for total charge distributions without dipoles,
this correction method is equivalent to the first one.
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Defect Cell size
△Etot(q, Pq = 0, Qq) (eV)

Pq (eÅ)
△Etot(q, Pq 6= 0, Qq) (eV)

P++ 216
1.34

0.64
1.24

P+ 216
0.59

0.66
0.57

P+ 64
0.24

0.45
0.24

V+ 216
0.18

0
0.13

P− 216
-0.45

0.59
-0.43

P− 64
-0.02

0
-0.02

V− 216
-0.17

0
-0.12

Table A.2 The correction energies for the differently charged P and V,
which were not placed on a FFT grid point, calculated with the two pre-
sented methods.

A.4.2 Applications

A successful application of the outlined correction methods strongly
relied on several factors. The most prevalent problem was that the
charge of many defects (mostly complex ones) was not localized, which
prohibited a correction. Nevertheless, also for elementary defects with
localized charge, there was a difficulty, which is demonstrated in the
following with the substitutional P atom and the vacancy. Both cor-
rection methods were applied for different charge states of the two
defects in simulation cells with 64 and 216 atoms. To calculate Katom

q

for the second method, a single P− atom was used (Fig. A.5(a)).
For both charge states of the vacancy, the two obtained results

were contradictive, as there was no dipole in the charge distribution
but the calculated correction energies differed for the two methods
(Table A.2). This problem was found to originate form the limited
density of the fast Fourier transformation (FFT) grid points [6], which
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Defect Cell size
△Etot(q, Pq = 0, Qq) (eV)
△Etot(q, Pq 6= 0, Qq) (eV)

P++ 216
1.34
1.33

P+ 216
0.59
0.59

P+ 64
0.24
0.24

V+ 216
0.18
0.18

P− 216
-0.45
-0.45

P− 64
-0.02
-0.02

V− 216
-0.17
-0.17

Table A.3 The calculated correction energies for the defects which were
placed on a FFT grid point. As both methods provided the same result,
it was concluded that there was no dipole in the charge distribution of all
defects.

induced deceptive dipoles in the defect’s charge. However, it may be
mentioned that the difference between the two correction energies was
smaller than the discussed parameter influence (A.3). Furthermore,
the same results could be achieved with both methods if the defects
were exactly placed on a FFT grid point (Table A.3).

For illustration, the charge distribution of the negatively and pos-
itively charged substitutional P atom is plotted in Fig. A.4. The ones
of the single P− atom and bulk silicon, required for the energy cor-
rection, are depicted in Fig. A.5.

No charge corrections were finally applied to the defect energies
for the following two reasons:

i. For most of the defects, the correction methods were prohib-
ited because the distribution of the additional charge was not
localized.
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(a) Substitutional P− (b) Substitutional P+

Figure A.4 The charge distribution of positively and negatively charged
substitutional P (red sphere) in silicon (blue spheres). Blue colored areas in
the plane represent low electron density and red ones indicate high densities.

(a) Single P− (b) Bulk silicon

Figure A.5 Left: The additional charge of the single P− is spherically
distributed. Right: In neutral bulk silicon the charge is localized in the
bonds.
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ii. The corrections were smaller than the accuracy of the calculated
energies as estimated in section A.2.
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