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Abstract

Controlled impurity doping for the purpose of the formation of depletion layers in

silicon constitutes an essential process in semiconductor technology. In the last few

years, hydrogen has been increasingly used as a doping element. Due to the signifi-

cant variations in size and the different chemical incorporation of protons in silicon

as compared to ions from around the fourth main group, the physical reasons for the

doping mechanisms differ from conventional ion implantation.

The defects created by ion implantation pose a crucial disadvantage for the doping

by means of ion accelerators in that defects often have a negative influence on the

electrical properties of the active devices. The advantage of proton implantation lies

therein, as the created defects are the basis for the electrical activation of the doped

layers.

The objective of the present work was to investigate those defects with the aim of

acquiring a better physical understanding of them and their changes under certain

variable parameters. In particular, the impact of implantation dosage variations, an-

nealing temperature and annealing time on crystal defects were investigated.

In the experiments effects such as the changes in defect concentration and defect

size evolution after different implantation doses and annealing times, the stability of

defects within certain annealing temperature ranges, the limits of complete defect

annealing up to the detection limit, the charged stage of defect complexes and the

effect of different annealing parameters on the charge carrier concentration in the

doped layers were investigated in detail.

For the experimental investigation of open volume defects in silicon, the highly sen-

sitive positron annihilation spectroscopy method was used; specifically, the methods

of the positron lifetime spectroscopy and the Doppler broadening spectroscopy were

applied. For the determination of the charged stage of defects, additionally low tem-

perature lifetime spectroscopy measurements down to 10 K were performed. By this

measurements on the one hand shallow traps in Czochralski silicon were detected

after a specific annealing process, and on the other a temperature dependence of the

trapping rate as a function of the temperature was observed. The latter was found

to be positron detrapping from extended Rydberg states.



Kurzfassung

Die kontrollierte Dotierung mit Fremdatomen zur Erzeugung von Verarmungszonen

in Silizium stellt einen essenziellen Prozess der Halbleiterverfahrenstechnik dar. In

den letzten Jahren hat der Wasserstoff als dotierendes Element vermehrt Anwendung

gefunden. Auf Grund des signifikanten Größenunterschiedes und der andersartigen

chemischen Einbaus von Protonen im Silizium im Vergleich zu Ionen aus der Umge-

bung der vierten Hauptgruppe, sind die physikalischen Hintergründe der Dotiermech-

anismen andere als bei konventioneller Ionenimplantation.

Die erzeugten Defekte als Folge der Ionenimplantation stellen einen entscheidenden

Nachteil der Dotierung mittels Ionenbeschleuniger dar. Der Vorteil der Protonenim-

plantation besteht darin, dass die erzeugten Defekte die Grundlage für die elektrische

Aktivierung der dotierten Zonen bilden.

Die vorliegende Arbeit hatte zum Ziel diese zu untersuchen, um ein besseres physikalis-

ches Verständnis der Defekte und deren Veränderungen unter bestimmten Parame-

tervorgaben zu erlangen. Insbesondere wurden Auswirkungen auf die Kristalldefekte

auf Grund von Variationen in der Implantationsdosis, der annealing Temperatur und

der annealing Zeit betrachtet.

Im Detail untersucht wurden Veränderungen in der Defektdichte und Defektgrößen-

evolutionen nach unterschiedlichen Implantationsdosen sowie nach verschieden lan-

gen annealing Zeiten, die Stabilität von Defekten in bestimmten annealing Tem-

peraturbereichen, die Grenzbereiche für das vollständige Ausheilen von Defekten bis

unter die Nachweisgrenze, der Ladungszustand von Defektkomplexen und Auswirkun-

gen unterschiedlicher Annealing Parameter auf die Ladungsträgerkonzentration der

dotierten Gebiete.

Zur experimentellen Untersuchung der freien atomaren Volumen im Silizium wurde

die hochempfindliche Positronenannihilationsspektroskopie verwendet. Insbesondere

fanden die Methoden der Positronenlebensdauerspektroskopie und der Dopplerver-

breiterungsspektroskopie Anwendung. Zur Bestimmung von Ladungszuständen der

Defekte wurden zusätzlich lebensdauerspektroskopische Tieftemperaturmessungen bis

10 K durchgeführt. So konnten einerseits shallow traps in Cz Silizium nach einem

bestimmten annealing Prozess nachgewiesen werden und andererseits wurde eine

Temperaturabhängigkeit der trapping Rate als Funktion der annealing Temperatur

beobachtet, die dem Positron detrapping aus ausgedehnten Rydbergzuständen zuge-

ordnet werden kann.
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1 Basics

1 Basics

The silicon wafers used for the experiments in the course of this thesis were originally

not implanted nor annealed. In the beginning a decision regarding the basic material,

either Cz Si or FZ Si, and its properties had to be made before starting the first

experiments. Specific values for the oxygen concentraion in the basic material, the

resistivity, and the thickness and diameter of the wafer were chosen (see sec. 3).

With the help of experts in the field of semiconductor technologies those parameters

were affixed and are listed in the third major section of this thesis (sec.3). The

following chapters of section 1 of this thesis discuss the preparation of the basic

material in more detail (sec.1.1), give an overview of the most important defects in

solids (sec.1.2), a detailed description of different methods of positron annihilation

used during this thesis(sec.1.3) and deals with the defect studies of proton implanted

silicon using positrons (sec.1.4).

1.1 Preparation of proton implanted Si wafers

1.1.1 Basic material

The basic material from which crystalline silicon is grown is polycrystalline silicon.

It is a solid state body consisting of many small crystallites which are separated from

each other through grain boundaries.

In microelectronic fabrication, two main techniques are used for growing crystalline

silicon:

� Czochralski growth

� Float zone growth

It is important to understand the different outcome of the two growing techniques,

but it would be beyond the scope of this thesis two give a detailed description of both

methods.

1



1.1 Preparation of proton implanted Si wafers 1 Basics

Czochralski-grown (Cz) versus float zone-grown (FZ) silicon

Float zone-grown

� Low contamination regarding carbon, oxygen and metals

� Resistivity: ρ up to 30000 Ω cm

� Crystal structure is very brittle, has a bad getter effect, and breaks easily

Czochralski-grown

� C concentration: C < 3 · 1016 cm−3

� O concentration: O = 3− 5 · 1017 cm−3

� Resistivity: ρ < 50 Ω cm

� Stable structure due to SiO2

� Metallic contaminations depend on the crucibles containing the liquid Si

Therefore, the O and C contamination in silicon is higher in Czochralski-grown ma-

terial [1] because of chemical reactions between the melted silicon and the vessel

containing it (see Fig. 1).

Fig. 1: Chemical reactions between Czochralski-grown silicon and the
crucibles material. [2]

2
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Reaction equations:

(1) C + SiO2 → CO + SiO (1)

(2) CO + SiO → SiO2 + C (2)

In Cz material microscopic SiO2 clusters are formed due to the higher oxygen con-

centration (Fig. 2). These clusters lead to an increase in dislocations which reduces

the critical shearing forces. Additionally, these dislocations perform a gettering func-

tion for metallic contaminations [1]. It has also been experimentally confirmed that

the SiO2 clusters have a positive influence upon defect reduction [3].

In float zone-grown silicon temperature strains lead to severe mechanical warping

and dislocations because the transition from elastic to plastic deformation occurs

only at very high temperatures for the FZ material. This makes it difficult to use FZ

material for wafers with a diameter greater than 150 mm in a large scale production

process.

Fig. 2: Critical shearing forces in Czochralski-grown material as a func-
tion of temperature and oxygen content. [2]

3
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1.1.2 Proton implantation

Traditionally certain elements are brought into the semiconductor substrate of a wafer

through doping with the purpose of creating n-type or p-type zones. With the usage

of lithography and etching processes the doping process is reproducible and takes

place in defined regions with a defined doping concentration. To create n-type and

p-type zones in the substrate the most common dopants for silicon are P and As for

n-type regions and B for p-type regions. From Fick’s laws of diffusion (see chapter

1.1.3, equations 3 and 4) the range distribution of the dopants can be obtained [4].

In recent years in addition to ion implantation the process of proton implantation has

proven to be useful for doping processes in silicon. Among many, papers published

by H. Kauppinen and C. Corbel [5], A. Kinomura et al. [6], E. Simoen et al. [7], L.

Tsetseris et al. [8], S. N. Rashkeev et al. [9], P. Hazdra et al. [10] discuss the role of

hydrogen in silicon and thermal donor formation processes.

The process of proton implantation

It would go far beyond the scope of this thesis to describe the detailed workings of a

proton implantor. Nevertheless a brief overview of the most important components

of an implantor might be useful for the interested reader. A schematic depiction is

shown in figure 3.

Fig. 3: Schematic of an ion implantor [11]

The ion source consists of a chamber outfitted with magnets and filled with H2 gas. A

tungsteen filament serves as an electron source which subsequently pass through the

4
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chamber guided by the magnets. During their path they ionize the H2 molecules pro-

ducing neutral H atoms and negatively charged H− ions. Through extraction lenses

with an applied voltage of +30 kV the H− ions are guided to a tandetron accelerator

system schematically shown in figure 4. There the H− ions can be accelerated to a

certain maximum kinetic energy.

After this primary acceleration they pass through a charge reversal cell typically

filled with N or Ar gas. Here the charge of the H− ion is reversed changing from

H− → H+. This allows for further acceleration in the second part of the tandetron

accelerator system (Fig. 4) with the anodes now lying on reversed potential ranging

from the maximum to ground potential at the end of the system. With this combina-

tion of a double but reversed acceleration voltage the maximum energy which can be

reached is twice the acceleration potential. Subsequently a switching magnet allows

for the selection between two end stations. The hydrogen ions then pass through a

beamline with electromagnetic optical lenses for beam focusing. When reaching the

end station the hydrogen ions strike the surface of a wafer and are thereby implanted

into it. The entire beam line is under high vacum ranging between 10−5− 10−7 mbar

(Fig. 3). [4, 12]

Fig. 4: Schematic of the tandetron accelerator system (after [13])

The implantation depth is controllable by varying the electrostatic field in the

tandetron accelerator system which leads to a change of kinetic energy of the ions.

The depth also depends on the mass of the atoms of the substrate. With an increase

in ion energies the implantation range increases accordingly. Software programs such

as SRIM 2008 [14] allow for the calculation of ion ranges.

The following simplified model calculation shows the necesarry acceleration voltages

in the tandetron accelerator system to reach an implantion energy of 3.2 MeV for

the H+ ions as used in the experiments for this thesis (sec.2).

5
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y ... extraction lense potential, x ... acceleration voltage:

3200 keV = 2x+ y

y = 30 keV

3170 keV = 2x

x = ± 1585 keV

The ion beam current can be controlled either by varying the amount of gas in the

ionization chamber (arc chamber) or by varying the amount and energy of primary

electrons produced in the arc chamber which ionize the gas in the chamber. With an

increasing beam current and a high enough implantation dose, higher defect concen-

trations are usually obtained. An increase of the implantation temperature leads to

two outcomes: First, the radiation damage anneals partly or even completely during

implantation. Second, the amplitude of lattice vibrations increases, which leads to

an increase in the number of ions scattered at the surface. [12, 4, 15]

6
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1.1.3 Diffusion

It would be beyond the scope of this thesis to describe all the steps of the process

flow in semiconductor production in the category of diffusion and oven processes. For

the content of this thesis it is important to understand the basic priciples of diffusion

and therefore the focus is put on Fick’s laws of diffusion as well as an atomistic model

of diffusion.

Fick’s first law

The basic equation that describes diffusion is Fick’s first law. It is used when the

concentration within the diffusion volume does not change with respect to time (Jin =

Jout) and is in one dimension:

J = −D∂c(x, t)
∂x

(3)

with

J ... diffusion flux in dimensions of mol
m2·s

D ... diffusion coefficient in dimensions of m2

s

c ... doping concentration in dimensions of mol
m3

x ... position (length)

Therefore, according to Fick’s first law, the diffusion flux is proportional to the con-

centration gradient against the direction of the diffusion (∂c mol/∂x m−4). The pro-

portion constant is the diffusion coefficient which is proportional to the velocity of

the diffusing particles, which depends on the temperature and the size of the particles

according to the Stokes-Einstein relation.

In one dimension for an isotropic medium, Fick’s second law, which describes the

change in concentration, is applied:

∂c

∂t
= D

∂2c

∂x2
(4)

To solve this second order differential equation, knowledge of at least two independent

boundary conditions is required. A discussion of the solution to this differential

equation would be beyond the focus of this thesis and the reader is referred to [2].

7
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For cubic crystals D is anisotropic and the temperature dependence of the diffusion

coefficient is demonstrated through an Arrhenius equation:

D = D0 · e−
W
kT (5)

with

k ... Boltzmann constant

T ... absolute temperature

W ... activation energy for a jump from one lattice site to the next

D0 ... material constant

The diffusion barrier for neutral H in silicon is approximately 0.4 eV . According

to Rashkeev, Di Ventra and Pantelides [9] the binding energies (0.5 − 0.7 eV ) and

the barriers to move H atoms to nearest interstitial (0.6 − 0.8 eV ) are quite low.

This means that H atoms can be easily activated and removed from various oxygen

complexes in silicon.

Tsetseris and Wang [8] report from first principles calculations that protons implanted

in silicon lead to an enhanced oxygen-hydrogen codiffusion which results in an en-

hanced thermal donor formation. In the absence of pre-existing oxygen clusters the

diffusion barrier for O −H codiffusion lies at 1.55 eV . The diffusion barriers calcu-

lated by Tsetseris and Wang were obtained with the elastic band method.

Diffusion mechanisms

In an atomistic model of diffusion, the lattice sites in a crystal are represented as

the minima of parabolic potential wells. At temperatures above 0 K atoms oscillate

around their equilibrium position. When an impurity atom is implanted into this

crystal it may sit between lattice sites in an interstitial position. Atoms that do

not bond immediately with the crystal lattice are typically interstitial impurities.

They diffuse rapidly but do not directly contribute to doping because they are elec-

trically inactive.

Another type of impurity is one which replaces the Si atom on the lattice site and

is called substitutional impurity. In order for a substitutional impurity to move in

the crystal it must overcome the potential well in which it rests. For a direct exchange

8
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to take place (see Fig. 5 (a)), at least six bonds must be broken for the host atom

and the impurity atom. For a vacancy exchange to occur (see Fig. 5 (b)), only three

bonds must be broken and this mechanism is therefore one of the dominant diffusion

mechanisms.

Interstitial diffusion can occur in the presence of silicon self-interstitials as shown

in Fig. 5 (c). Hereby, an interstitial silicon atom displaces the impurity, driving it

into an interstitial site. From there it moves rapidly to another lattice site, where the

silicon atom is removed to an interstitial site again.

In the Frank-Turnbull mechanism as shown in Fig. 5 (d), the interstitial impu-

rity is captured by a vacancy. In the kick-out mechanism, the impurity replaces a

lattice atom. The two mechanisms are different from the interstitial method in that

they do not require the presence of self-interstitials to drive the process. [2]

(a) (b)

(c) (d)

Fig. 5: Four different atomistic models of diffusion according to [2]. (a) Direct
exchange (b) Vacancy exchange (c) Interstitial diffusion (d) The kick-out (left) and
Frank-Turnbull mechanisms (right).

9



1.2 Defects in solids 1 Basics

1.2 Defects in solids

A real solid never posseses a perfect crystal structure, instead, the strict periodicity

of an ideal crystal is always disturbed. There are several reasons for the deviations

from the behaviour of an ideal crystal lattice which, according to Seitz [16], can be

classified into the following groups:

� Lattice vibrations of the atomic building blocks around their equilibrium

position due to thermal energy.

� Atomic disorder, which is characterized by some atoms which are, even during

average times, not located at their normal position within the crystal lattice or

by impurity atoms (contaminations) in the solid.

� Electronic disorder, which consists of the excitation or the shifting of elec-

trons and is fundamental for understanding electronic activities in the solid.

� Disturbances caused by external actions like irradiation with γ-quanta or

particles. Additionally, the surface of a solid constitutes a disruption of the

ideal crystal lattice and surface states with different properties occur in most

cases.

Material properties are significantly determined by their crystal defects. Plastic de-

formation for example takes place through the creation and movement of dislocations,

diffusion-controlled phase changes require thermal vacancy defects and grain bound-

aries constrict the movement of dislocations which leads to an increase of mechanical

hardness [17]. The following three chapters discuss in more detail the atomic disorder

defects, subclassified into point (zero-dimensional) (sec. 1.2.1), line (one-dimensional)

(sec. 1.2.2), planar (two-dimensional) (sec. 1.2.3) and volume (three-dimensional)

defects (sec. 1.2.4).

1.2.1 Point defects

Chemical impurities, vacant lattice sites, and extra atoms not in regular lattice posi-

tions are the most common point imperfections in a crystal. Some important prop-

erties of crystals are controlled as much by imperfections as by the nature of the host

crystal, which may act only as a solvent, matrix or vehicle for the imperfections. E.g.

10
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trace amounts of chemical impurities are completely responsible for the conductivity

of some semiconductors. Also the color and luminescence of many crystals arise from

impurities or imperfections and diffusion processes are enhanced significantly by them

[18, 19]. One can distiguish between three types of point defects shown in figure 6

[17, 18]:

� Schottky defect: It is the simplest imperfection constituted by a missing atom

or ion and is created by transferring an atom from a lattice site in the interior to

a lattice site on the surface of the crystal. A certain number of lattice vacancies

are always present in an otherwise perfect crystal in thermal equilibrium

(Fig. 6a).

� Frenkel defect: It is an atom transferred from a lattice site to an interstitial

position which would normally not be occupied by an atom (Fig. 6b).

� Impurity atom: It is an atom different from the atoms of the bulk material

and can be located either in an interstitial position or is embedded at a lat-

tice site normally occupied by a bulk atom. Mainly small atoms from the first

and second period, especially H,C,N,O, constitute interstitials. Given a high

enough concentration they may form a solid solution with a temperature de-

pendent solubility. Lattice distortions around the impurity atoms lead to stress

fields in the crystal (Fig. 6 c and d).

Point defects can be created through particle irradiation, deformation or high tem-

peratures leading to Schottky defects. If the material is cooled suddenly from an

elevated temperature, the vacancies will be frozen leading to a vacancy concentra-

tion higher than the equilibrium value due to the lack of time for annealing processes.

The vacancy concentration of a point defect C1V (T ) in thermal equilibrium is given

by

C1V (T ) = exp

(
−G

F
1V

kBT

)
(6)

with

GF1V ... free enthalpy

kB ... Bolzman constant

11



1.2 Defects in solids 1 Basics

GF
1V = HF

1V − SF1V T : HF
1V is the vacancy formation enthalpy and SF1V describes the

vacancy formation entropy [20, 21, 22].

(a) Schottky defect (b) Frenkel defect

(c) Interstitial impu-
rity atom

(d) Lattice cite impu-
rity atom

Fig. 6: Three major kinds of point defects (after [23]).

1.2.2 Line defects

The only type of this defect is a line imperfection known as a dislocation. The mi-

gration of dislocations in the crystal is of fundamental significance for physical effects

like lowering shear stress values or plastic deformation. Dislocations are character-

ized by the dislocation line ~v and the Burgers-vector ~b. There are two basic types of

dislocations (see Fig. 7) [18]:

� Edge dislocation: ~v⊥~b

� Screw dislocation: ~v‖~b

As shown above in the edge dislocation, the Burgers-vector is perpendicular to the

dislocation line; in the screw dislocation, the Burgers-vector is parallel to the dislo-

12
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cation line. In addition, a mixture between both dislocation types can occur, albeit

primarily in the real solid.

In order to quantify the number of dislocations in a solid, a dislocation density ρ

is applied. It is defined by the length of the dislocations per volume (dimension:

m/m3) and its values range from 10−2 m−2 for so-called ‘perfect’ crystals to 108 m−2

for massively deformed metals [17, 24].

Along the dislocation line, lattice distortions with a width of up to a few inter-

atomic distances are caused. The distortion width is defined as the distance along

the dislocation line in which the deviation of the ideal crystal lattice is larger than∣∣∣~b∣∣∣ /4. In materials with mainly covalent bonds the distortion width is smaller and in

the area of 1−2 interatomic distances, in metals it is larger reaching several angstroms

[25].

(a) Edge dislocation. (b) Screw dislocation.

Fig. 7: Schematic depiction of the edge (a) and screw (b) dislocation. [16]

13
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1.2.3 Planar defects

The term planar defects includes grain boundaries, phase boundaries and stacking

faults. Due to their physical expansion they are all considered to be two dimensional

defects.

Grain boundaries

Grain boundaries are the transitions between differently oriented crystallites or grains

in a polycrystalline structure. They can be described mathematically due to their

different crystal orientation to each other. In the most simple two dimensional case

the mathematical description requires 4 parameters: One angle to characterize the

relative position of the crystallites to each other (orientation relation), one angle to

characterize the spatial orientation and the two components of the translation vector

to describe the relative shifting of the crystallites to each other. In the more complex

three dimensional case, eight parameters are required. [16, 17]

Grain boundaries are distinguished between low and high angle boundaries and twin

boundaries. The low angle boundary completely consists of dislocations and the

angle Θ describing the misorientation between the crystallites has a maximum of

approximately 15◦. Depending on the location of the rotary axis between the crys-

tallites one distinguishes between the twist boundary where the rotation axis is

perpendicular to the boundary plane and the tilt boundary, where the rotation

axis is parallel to the plane. Twist boundaries are made up of screw dislocations and

tilt boundaries of edge dislocations. With an increasing rotation angle Θ the distance

between the dislocations decreases (see Fig.8) according to:

Θ ≈ |b|
D

(7)

with

b ... Burgers-vector

D ... distance between dislocations

14
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Fig. 8: Low angle grain boundary (after [17])

One speaks of the high angle boundary when the misorientation angle Θ > 15◦.

The model of the grain boundary consisting of dislocations is not applicable anymore

because of superpositions of the dislocation cores. Given a high enough temperature

and driving force, high angle boundaries have the tendency to migrate in the crystal

which as a result leads to crystal growth. Impurity atoms tend to segregate in high

angle boundaries and generally those boundaries are an indicator of a metastable

state of the material. [17, 16, 18, 26]

A twin boundary is a grain boundary with a highly spatial coincidence. It posseses

a highly symmetrical interface with both crystal planes being the mirror image of

the other. The atoms located within the twin boundary at regular intervals belong

to both crystallites. The most important twin boundary exists in the face centered

cubic (fcc) crystal structure as an inversion of the stacking sequence of the most

densely packed planes: ABCABCBACBA
∑

3 [17]. The formation of twin bound-

aries can occur during plastic deformation and is referred to as deformation twinning.

Phase boundaries

In contrast to a grain, the phase boundary is the transition between areas in the

crystal with different chemical compositions or different structural configurations of

the atoms. The type of the phase boundary depends on the deviations in the lattice

intervals and in the lattice structure as well as on the type of bonds in both phase

areas. As shown in figure 9, three types of phase boundaries can be distinguished as:

� Coherent phase boundary: If the difference in the lattice constants of both

phases is very small then the lattice planes continue steadily through the bound-

ary layer (Fig. 9a).
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� Semi-coherent phase boundary: In the case of larger differences in the

lattice constants of both phases, the lattice misfit will lead to the incorporation

of dislocations. Only some of the lattice planes will continue steadily through

the boundary layer (Fig. 9b).

� Incoherent phase boundary: If the lattice structures of both phases are

completely dissimilar, the coherence is lost entirely (Fig. 9c).

Fig. 9: Three different types of phase boundaries: (a) coherent phase
boundary, (b) semi-coherent phase boundary and (c) incoherent phase
boundary. [17]

Naturally phase boundaries are not only constrained to solid states of matter but can

also occur between solid, liquid and gaseous phases. To describe phase boundaries

macroscopically, the interfacial tension γ (dimension: N/m) is applied. [17]

Stacking faults

A crystal can be described as a stack of plains in a given order, so-called stacking

planes. The stacking fault is a planar defect in which the regular sequence of the

stacking planes is interrupted by one or two layers, for example in the case of an fcc

structure the sequence ABCABABCAB would occur. They occur in a number of

crystal structures, most commonly in close-packed structures like face centered cubic

(fcc) and hexagonal close packed (hcp). One special case has been discussed for the

twin boundary in section 1.2.3. [27, 26]
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1.2.4 Volume defects

Normally three dimensional defects are considered to be parts of a solution, micro-

pores or voids (gas pockets) or dust particles entrapped in the crystal in a higher

concentration than expected in the thermodynamic equilibrium. Even though such

defects are widely spread it is very difficult to find general physical laws describing

them because the specific kind and size of the defect is fundamentally determined by

random processes during crystal growth.

Three dimensional precipitations are physically better defined and more important

in practice. Mainly they form through the agglomeration of point defects. Solid

precipitations can be considered new phases (see 1.2.3) and are of great importance

for the understanding of the characteristics of alloys. Since alloys were not part of

the experiments carried out during this thesis, it would go beyond the scope of this

thesis to give a detailed description on alloys. [16]
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1.3 Positron annihilation

The positron was the first identified antiparticle in physics. It was originally pre-

dicted by Dirac in 1928 [28] and experimentally photographed by Anderson in 1932

[29] in a cloud-chamber during the investigation of cosmic rays.

Since the positron is the antiparticle to the electron, it has the opposite charge and

magnetic moment but the same mass and spin as electrons. During the annihilation

of a positron with an electron it is most probable that two γ-quanta will be formed.

Each one of the two γ-quants carries the electron rest energy of 511 keV [30]. An-

other possibility would be the 1−γ− and 2−γ− decay during annihilation although

with a neglectable probability.

In addition, a positronium (Ps) can be formed which is an electron-positron pair

in a quasi-stationary state. According to its spin one can distinguish between two

configurations: the para-positronium (p-Ps) characterizes the singlet state with an-

tiparallel spins and the ortho-positronium (o-Ps) the triplet state with parallel spins.

Due to spin conservation, the o-Ps can only decay into at least 3 − γ-quants with

a low probability for this decay. This leads to a relatively long lifetime of 142 ns

compared to the lifetime of 0.123 ns for the p-Ps with a total spin of 0 [31, 32]. In

materials without large free volumes as in metals, positronium formation does not

exist [33]. The electron-positron annihilation is subject to the conservation of energy

and momentum. Compared to the electron momentum, the positron momentum after

thermalization is so small that it does not have to be considered during the annihi-

lation.

Positron Source

The positron source used for the experiments in this thesis was 22Na in the form

of NaCl. Figure 10 shows a term diagram indicating the most frequent transitions

during the decay of 22Na to 22Ne.

When a positron is emitted from a 22Na atom, a γ-quant with an energy of 1.275 MeV

is also emitted with a delay of ∆t ≈ 3.7 ps. This very short time difference can be ne-

glected and is considered as a simultaneous γ-quant emission. Due to this coincident

emission as well as the defined energy of the γ-quant, it is used as the start signal

in positron lifetime measurements. Another advantage of the 22Na source is its half

life of 2.6 years and its positron yield of approximately 90 %. Like all β emitters,
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positrons have a continous energy distribution with the maximum at 0.545 MeV [34].

Fig. 10: 22Na to 22Ne decay with its most frequent transitions.
EC...electron capture [35]

Classically, the positron movement through the solid can be described as a diffusion

motion. The thermalized positron can be trapped in different kinds of defects e.g.

point defects, voids, dislocations or grain boundaries. Since the electron density of

the defect free bulk material differs from the electron densities of regions with higher

defect concentrations, information can be obtained about the defects by detecting

the annihilation radiation (see sec.1.4). In the Sommerfeld approximation based on

the free electron model the positron annihilation rate is given by the expression:

λ = πr2
0nc. (8)

r0 ... electron radius

n ... electron density

c ... speed of light

If the positron is not trapped and therefore does not annihilate in a defect, it an-

nihilates in the bulk material with characteristic annihilation rates λb for different

materials [34, 36].

1.3.1 Positron interaction with solids

Either backscattering or penetration takes place when positrons hit the surface of

a solid. Once they diffuse inside the solid they lose their kinetic energy until they
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reach thermal energy levels of approximately 0.03 eV at room temperature. The

thermalization occurs within a few ps through different processes like ionisation of

the bulk material, excitation of electrons and excitons or at low temperatures through

the excitation of plasmons and phonons [37].

The probability that a positron reaches thermal energies in the intervall x + dx is

given by

dP (x) = αe−αxdx. (9)

α ... linear absorption coefficient

For most metals the linear absorption coefficient α can be calculated using [38, 39, 40]:

α = 1600
ρ

E1.43
max

[m−1] (10)

ρ ... density of the metal [g/cm3]

Emax ... maximum positron energy [MeV ]

One can calculate the required minimum density of the solid necessary for the annihi-

lation of more than 99% of the positrons. From equations (9) with (10), the density ρ,

the penetration depth x and the maximum positron energy Emax = 0.545 MeV of the
22Na source follows that the minimum area density ρA = ρx has to be 150 mg/cm2.

After thermalization, the positron in the defect-free bulk material exists in a free

Bloch state. Due to positron scattering on acustic phonons the diffusion process is

restricted and a temperature-dependent diffusion coefficient follows: D+ ∝ T−1/2.

For most metals the D+ at room temperature is approximately D+ ≈ 1 cm2/s [38].

The interrelationship between the diffusion length L+ and the diffusion coefficient

D+ is given by

L+ =
√
D+τb (11)

τb ... lifetime of a freely diffusing positron in a defect free metal.

For silicon τb ≈ 218 ps which yields L+ = 148 nm [34]. During diffusion positrons

can be trapped and localized in various crystal defects as mentioned above. Because

the electron density in defects is lower, the positron lifetime increases in such an

environment.
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1.3.2 Annihilation of the positrons

The probability for a positron annihilation causing an emission of two γ-quants is

given by

ρj(~k) =
π r2

0 c

(2 π)3

∣∣∣∣∫ d3~re−
~k~rψj(~r)ψ+(~r)

∣∣∣∣2 . (12)

r0 ... electron radius
~k ... wave vector (approximatively the annihilating electron wave vector)

ψj(~r) ... wave function of the electron in the j state

ψ+(~r) ... wave function of the positron

The wave function ψ+(~r) is taken as the ground state wave function in the crystal

lattice. It is a superposition of plane waves and their wave vectors. ~k is roughly

the wave vector of the annihilated electron. The positron wave function ψ+(~r) in a

defect-free crystal and in a vacancy-trapped state is shown in figure 11 [41].

(a) Bloch state (defect free crystal). (b) Vacancy-trapped state.

Fig. 11: Positron wave functions in the Bloch state (a) and in the vacancy-trapped
state (b). [41]

The reciprocal lifetime 1/τ corresponds to the annihilation rate λ. It is given by

1

τ
= λ =

∫
d3~kρ(~k) (13)

ρ(~k) ... sum over the occupied electron states j

Therefore, the annihilation characteristic emerges from the overlap of the electron

and the positron wave functions [33].
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Conservation of momentum and energy holds during the electron-positron annihi-

lation process. Therefore, the annihilation radiation contains information on the

electron momentum distribution at the annihilation site which is used in Doppler-

broadening experiments (2.2). The total energy E can be written as

E = 2m0c
2 − EB ≈ E1 + E2 (14)

m0 ... electron rest mass

c ... speed of light

EB ... electron-positron pair binding energy

E1 ... energy of the first γ-quant

E2 ... energy of the second γ-quant

In the center-of-mass system of the electron-positron pair, each photon carries half of

the total energy E which is 511 keV . In the laboratory system the momentum of the

electron-positron pair ~p is transferred to the photon pair. This leads to an angular

deviation θ of the collinearity of the annihilation quants. From this angular deviation

information about the electron-positron pair momentum can be obtained.

The momentum component pz in the direction of the two γ-quants leads to a Doppler

shift ∆E of the annihilation energy of 511 keV . The energy difference of the photons

follows approximately

∆E = ±cpz
2

(15)

c ... speed of light

pz ... momentum component in the propagation direction z of the γ-quants

Because the momentum of the thermalized positron is negligible compared to the mo-

mentum of the electron the total momentum ~p corresponds to the electron momentum

[34, 42].
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1.3.3 Positron trapping

If positrons meet an open volume defect during diffusion in the bulk material they

can be trapped as mentioned in section 1.3.1. Positron capturing in vacancies can be

described by the simple trapping model which is based on the following premises:

� no interaction between positrons

� no interaction between defects

� positron capture occurs only after thermalization during the positron diffusion

� no detrapping from the defects

Another premise is the relationship between the trapping rate in the defect κd, the

specific trapping rate µd and the defect concentration C:

κd = µd C (16)

The trapping model for one defect is illustrated in figure 12 [34]. After thermalization

the positron may either annihilate from the defect-free bulk with its characteristic

annihilation rate λb for different materials or it may be trapped in the defect with

the trapping rate κd. From that trapped state it annihilates at a decreased rate λd.

This is the simplest model and will be used throughout this thesis.

Fig. 12: Trapping model [34]
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Using the simple trapping model, the following differential equations can be obtained

for the number of positrons in the Bloch (free) state nb and in the localized state nd:

dnb
dt

= −nbλb − nbκd (17)

dnd
dt

= −ndλd + nbκd (18)

nb ... positrons in a free state

nd ... positrons in a localized state

With the assumption that at the time t = 0 the positron only exists in the free state

nb = 1, the solution to the coupled differential equations (17, 18) yields the number

n of positrons in the solid as a function of the time t:

n(t) = nb + nd = I1 exp(−λ1t) + I2 exp(−λ2t) (19)

λi ... decay constants

Ii ... intensities

The decay constants λi and the intensities Ii are given by:

λ1 = λb + κd (20)

λ2 = λd (21)

I1 =
λb − λd
λ1 − λd

(22)

I2 =
κd

λ1 − λd
(23)

I1 + I2 = 1 (24)

λ1 ... corrected bulk rate

λ2 ... defect rate
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The annihilation probability at the time t follows from equation (19):

P (t) = −dn(t)

dt
= I1λ1 exp(−λ1t) + I2λ2 exp(−λ2t). (25)

As can be seen in equation (25), a positron lifetime spectrum based on the simple

trapping model with only one defect contains two exponential functions describing

the decay. The positron lifetime τ is the reciprocal value of the annihilation rates λ.

For the bulk rate λb with respect to the initial conditions at t = 0 follows equation:

λb = −dn(t)

dt
|t=0 = I1λ1 + I2λ2 (26)

From equations (26) and (21), both positron lifetimes τb and τd can be calculated:

τb =
1

λb
=

1

I1λ1 + I2λ2

(27)

τd =
1

λ2

(28)

τb ... bulk lifetime

τd ... defect lifetime

Since the value of τb depends on the density ρ of the material, it constitutes a material

constant. Furthermore the mean lifetime τm is defined as:

τm =

∫ ∞
0

dtP (t)t (29)

τm ... mean lifetime

Using equation (25) with subsequent integration leads to:

τm =
I1
λ1

+
I2
λ2

= I1τ1 + I2τd (30)

From the mean lifetime τm the trapping rate κd for a dominant defect can be obtained:

κd =
τm − τb

τb(τd − τm)
=
I2
I1

(
1

τb
− 1

τd

)
(31)

κd ... trapping rate for a dominating defect

I2 ... defect lifetime intensity

I1 ... reduced bulk lifetime intensity
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According to [43], the trapping fraction f can be calculated using (31):

f =
κd

κd − λb
(32)

f ... trapping fraction

With κd = I2(λb − 1
τ2

)/(1− I2) and λb = 1
τ1
− κd follows

f = I2

(
1− τ1

τ2

)
(33)

Saturation is reached when all positrons annihilate in defects and no bulk lifetime τb

can be detected.

The defect concentration can be calculated from the defect trapping rate κd (equ. 16)

using the following relationship between the trapping rate κd [ns−1] and the defect

concentration C [44]:

1 ns−1 ⇐⇒ 1 · 1017cm−3 (34)

Therefore, the positron annihilation method allows for the determination of absolute

defect concentrations.

Shallow traps

One can distinguish between shallow traps, characterized by small binding energies

Eb, and deep traps usually simply referred to as traps. Examples for shallow traps

in semiconductors are negatively charged non-open-volume defects, undisturbed dis-

locations as well as a very small open volumes like the A center (vacancy-oxygen

complex).

The positron trapping in charged defects without open volume is based on the cap-

ture in shallow Rydberg states caused by the long-range Coulomb potential as shown

in figure 13. The potentials of the negative and positive vacancy are superimposed

on the square potential of the neutral vacancy. At room temperature trapping in

longe-range potentials does not take place but a prononounced temperature depen-

dence of the positron trapping occurs for low temperature measurements. Trapping

in the positive vacancy has not yet been observed experimentally.
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Fig. 13: Trapping potentials [34]

Because Rydberg states possess a weak binding energy, a pronounced temperature

dependence of the positron trapping occurs (see Fig. 14). This leads to thermally

induced detrapping for monovacancies and the A center at room temperature. There-

fore, the shallow trap cannot be directly detected in most cases and low temperature

measurements are necessary for detection [34, 45].

Fig. 14: Average positron lifetime as a function of the measuing tem-
perature T [46].
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Trapping in interfaces

Positron trapping in interfaces of polycrystalline materials leads to high specific trap-

ping rates. Hence the limitation of the positron trapping due to diffusion in the

crystallites interfaces has to be considered. This is the case in the diffusion-reaction

model [47], a graphical depiction of the model is displayed in figure 15.

The model considers the limitation of positron trapping due to diffusion in the crys-

tallites interfaces for spherical crystals with the radius r. τb and τi are the positron

lifetimes in the free (Bloch) state and in the trapped state, respectively. α is the

specific trapping rate in interfaces.

Fig. 15: Diffusion-reaction-model [47]

The mean lifetime τm of the diffusion- and reaction-controlled positron trapping in

interfaces is given by:

τm = τb +
∑

τb(τ1 − τb)
(

1− 1

1 + γ0D+α−1L(γ0r0)

)
(35)

τm ... mean lifetime

With

γ2
0 =

1

D+τb
(36)

the Langevin-function

L(γ0r0) (37)

and the positron trapping rate at the interface

∑
=

3 a

r0
(38)
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The annihilation in the interface leads to the lifetime component τ1 (see Fig.15) with

the intensity I1.

I1 =

∑
τ1τb

(τ1 − τb)

(
1− 1

1 + γ1D+α−1L(γ1r0)

)
(39)

with

γ2
1 =

τ1 − τb
D+τbτ1

(40)

D+ ... positron diffusion coefficient in the crystallites

r0 ... crystal radius

α ... specific positron trapping rate in interfaces

Smaller crystallite sizes naturally lead to an increase in crystallite interfaces which

again leads to longer mean positron lifetimes τm with a higher intensity I1. Also the

higher diffusion constant D+ in polycrystalline materials allows for more positrons to

reach the interfaces which increases τm and D+ as well.

From the general solution τm from equation (35) two specific solutions for two border

cases can be obtained.

1. Specific solution of τm (35) for completely diffusion-controlled trapping

(α→∞):

τm = τb + (τ1 − τb)Cgτbγ0D+L(γ0r0) (41)

2. Specific solution of τm (35) for completely reaction-controlled trapping

(D+ →∞):

τm = τb
1 + α Cg τ1
1 + α Cg τb

(42)

with Cg being the interface fraction area/volume given by:

Cg =
3

r0
(43)
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1.3.4 Positron diffusion model

In order to be able to distinguish the positron lifetimes in the proton-implanted layer

from the total volume of the positron range including the regions which have not

been implanted with protons, it is necessary to consider the proton range and the

positron diffusion length in silicon. SRIM 2008 simulations (see sec. 3) show that

the region > 110 µm is basically not effected at all by the 3.2 MeV protons. This

unimplanted region of the p-type Cz silicon is characterized by the positron bulk

lifetime τb = 219 ps as is shown in section 3.1.1.

The following model which allows to differentiate between the implanted and the

not-implanted regions is based on the work by [5]. The thermal positron diffusion

length in as-grown silicon is 148 nm at 300 K. Therefore, the fractions of positrons

annihilating in the two regions can be calculated from the stopping distribution of

the β+ particles in silicon given by equation (9).

The characteristic penetration depth of a 22Na positron source in Si is 1/α = 113 µm

(equ. 10). In the 3.2 MeV (100 µm) proton-implated layer then the fraction of

positrons annihilating in the unimplanted region is about 40 %.

For the analysis of the measured lifetime spectra the following three-component model

function was fittet [5]:

− dn

dt
=
I1
τ1

exp

(
−t
τ1

)
+
I2
τ2

exp

(
−t
τ2

)
+
Iref

τref
exp

(
−t
τref

)
(44)

The first two exponential terms are characterizing the proton-implanted region, the

fitting parameters Iref , τref in the unimplanted region are given by τb = 219 ps as

shown above.

The average positron lifetime is defined by:

τave = I1τ1 + I2τ2 + Irefτref = (1− Iref )τimp + Irefτref (45)

with

τimp =
(I1τ1 + I2τ2)

(I1 + I2)
(46)

being the positron lifetime in the proton implanted region.
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1.4 Defect studies using positrons

One of the biggest advantages of using positrons for defect studies is the excellent

resolution of low defect concentration down to 1014 defects per cm3. This corresponds

to a resolution at an atomic level which can not be achieved with any other method.

Another advantage is the large temperature range in which the positron annihilation

spectroscopy can be applied. This allows for the investigation of e.g. shallow traps

which can not be detected at room temperatures. In the course of this thesis, positron

lifetime spectroscopies in the temperature range from 10− 293 K were carried out.

All the silicon samples investigated and discussed during this thesis were irradiated

with 3.2 MeV protons. The parameter dose, annealing temperature and annealing

time were varied, and a detailed description of the experiments can be found in sec-

tion 3.

The methods used in the experiments for this thesis were positron lifetime and

Doppler-broadening measurements, both described in sections 2.1 and 2.2, respec-

tively.

Additionally, in order to receive information about the electrical properties of the

samples investigated with PAS, they were measured electrically at Infineon Tech-

nologies Austria AG using the spreading resistance profiling (SRP) method. Because

the SRP measurements were not carried out by the author, a description of the exper-

imental setup for the SRP measurements is not provided. Nevertheless the electrical

results can be found in the appendix (sec. 5) for the sake of completeness.
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2 Experimental methods

There are different experimental methods using positron annihilation for the study

of defects in metals. They all have in common that they make use of the annihi-

lation radiation from positron-electron pairs. Because the most clear-cut successes

have been in monitoring changes in defect properties as a function of temperature,

pressure, implantation dose, implantation energy or annealing treatments, some of

the experimental methods were used for the defect studies in silicon throughout this

thesis.

The three major positron methods are: Lifetime experiments, Doppler-broadening

and angular correlation. During the course of this thesis, positron lifetime experi-

ments and Doppler-broadening measurements were carried out and will, therefore, be

discussed below [33].

For each conducted experiment, the positron source used was 22Na in the form of

NaCl. As discussed in section 1.3, this Na isotope has a positron yield of approxi-

mately 90 %, a half life of 2.6 years and most importantly emits a γ-quantum with

an energy of 1.275 MeV simultaneously with the positron. The positrons have a

continous energy distribution with the maximum at 0.545 MeV [34].

Sample setup

The setup of the samples under investigation is the same in both the lifetime and

Doppler-broadening measurements. The NaCl is depositioned onto a 5 µm-thick

piece of aluminum foil which then is foldet into an envelope with the salt inside of

it. As is shown in Fig. 16, this envelope source is positioned between two identical

silicon samples (sandwich arrangement).

Part of the emitting positrons annihilate with electrons in the aluminum foil before

ever reaching the samples. This is taken into consideration by a source correction in

the data analysis (see sec.3.1).

To ensure that the positrons do not emerge on the other side of the samples and

innihilate in the scintillators the sample has to have a minimum areal density of

150 mg/cm2 (see sec. 1.3.1, equ. 9 and 10).
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Fig. 16: Sandwich sample setup. (after [34])

2.1 Positron lifetime spectroscopy

To be able to carry out positron lifetime measurements as will be discussed below, two

γ-quanta are necessary. One γ-quantum with an energy of 1.275 MeV is simultane-

ously emitted with the positron in the 22Nasource [34] and serves as the so-called start

quantum for the lifetime measurement. When the positron annihilates in the sample

two γ-quanta, the annihilation quanta, are emitted with an energy of 511 keV . One

of the two is detected and serves as the so-called stop quantum. The time difference

between the start quantum and the stop quantum is the positron lifetime. For this

work the measurements have been carried out according to the fast-fast-principle. A

graphical display of the measuring system is shown in Fig. 17.

The γ-quanta create luminescence light in the scintillators which then is converted

and amplified to a voltage signal proportional to the energy of the luminescence light

in the photo multipliers. The two constant fraction differential discriminator CFDD

deliver output signals which serve as start and stop signals for the lifetime measure-

ments. For the start signal the voltage signal comming from one photo multiplier is

only accepted if it fits into an energy window corresponding to the signal created by

the 1275 keV γ-quantum when a positron is emitted from the source. Accordingly

the CFDD in the other circuit only delivers the stop signal if the signal comming
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from the right photo multiplier corresponds to the voltage created by the 511 keV

γ-quanta from the electron-positron annihilation.

The energy windows of the CFDD for the start and stop signals have to be ad-

justed beforehand. This is done by localizing the Compton edges of the γ-rays for

the start (1275 keV ) and stop (511 keV ) signals. The Compton edges including the

corresponding energies are also shown in figure 17.

The time between the start and stop signal is converted to a proportional voltage in

the time-to-amplitude converter (TAC). Subsequently the voltage signal is relayed to

a multiport containing an analog-digital converter (ADC). The digital signal is then

saved in a multi-channel analyzer (MCA) with a channel width of approximately

24 ps.

Fig. 17: Positron lifetime measurement setup according to the fast-fast-principle
(see sec. 2.1). (after [26])
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It is important to use a positron source with little activity (≈ 1 MBq) to ensure that

only one positron at a time annihilates in the sample. This way it is assured that the

start and stop signal do not derive from two or more different positrons.

For each lifetime spectrum about 5 · 106 counts were detected, which correlates to a

measuring time of about 17 hours. The long measuring time was necessary because

the sample setup was located inside a cryostat. Therefore the distance between

the two detectors was 2.4 cm, leading to a strong decrease in the positron yield

penetrating the sample.

Generally 3 − 5 spectra per measuring point were carried out. The laboratory con-

taining the measuring station was kept at a constant temperature of 18◦C to avoid

possible drifts of the electronics during the long measuring times.
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Data treatment

An ideal lifetime spectrum is the sum of the decay functions of different states of the

positrons in the solid. Therefore, a spectrum can be written as

N(t) =
∑
i

Ai exp(−λit) (47)

N(t) ... number of positrons in the solid at the time t

Ai ... constant in the positron state i

λi ... annihilation rate in the positron state i

The measured spectrum F (t) is a convolution of the ideal lifetime spectrum N(t)

(47), a background U and the instrumental response function R(t).

F (t) =

∫
dt′R(t− t′)N(t′) + U (48)

F (t) ... measured spectrum

R(t) ... instrumental response function

N(t) ... ideal lifetime spectrum

U ... background

Figure 18 shows the convolution of the ideal lifetime spectrum N(t) with the instru-

mental response function R(t) resulting in the measured lifetime spectrum F (t) for

one decay component [48].

The instrumetal response function R(t) can be approximated through a convolution

of a Gaussian function G(t) with two exponential functions [49, 50].

R(t) =

∫ 0

−∞
dt′′(G(t′′− (t′− t0))) exp

(
t′′

τ−

)
+

∫ +∞

0

dt′′(G(t′′− (t′− t0))) exp

(
−−t

′′

τ+

)
(49)

R(t) ... instrumental response function

G(t) ... Gaussian function

τ− ... time constant of the left edge of the promt curve

τ+ ... time constant of the right edge of the promt curve
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Fig. 18: Lifetime spectra convolution: (a) ideal lifetime spectrum N(t)
(b) instrumental response function R(t) (c) measured lifetime spectra
F (t) [48]

There are different ways to determine the instrumental response function. One option

would be the use of a 60Co radiation source. It emits two γ-quanta simultaneously

with energies of 1.17 and 1.33 MeV . One disadvantage of this method is the high

energy of the stop signal compared to the value from the 22Na source. This could

result in a less than ideal calibration of the stop window which could again lead to a

diviate of the results from the real values.

A different option for the determinatin of the instrumental response function is the

use of 207Bi as a radiation source. It emitts two γ-quanta time delayed (∆t = 187 ps)

with energies of 0.57 and 1.063 MeV [51]. With the help of the software PFPOSFIT

the resolution function can be fitted from the spectrum obtained from the 207Bi

source. A detailed description of the software can be found in [52].

Another method is to fit the parameters of the prompt curve in the analysis proce-

dure of the measured spectra. This was not done in this thesis.

The analysis of all the silicon samples investigated during the course of this thesis

were carried out with the software PFPOSFIT. For defect-free silicon the result of the
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analysis was τb = 219 ps which corresponds exactly to the values found in literature

[53].

Generally the lifetime spectra were fitted using a three-term fit whereas the third

lifetime component usually exceeded 1000 ps with an intensity below 1%. Therefore,

this term was disregarded in the final analysis.

When using the simple two state trapping model (1.3.3) for the data analysis, the

first lifetime component τ1 equals the bulk lifetime τb minus the trapping rate κ. The

second lifetime can then be allocated to a defect with the lifetime τd. In more complex

materials e.g. compound semiconductors or alloys, more than one kind of defect can

be expected. If the two defect lifetimes can not be seperated numerically, then the

following cases can be distinguished according to Hautojärvi and Corbel [54]:

� Saturation: No positrons in the free state can be detected, all positrons anni-

hilate in a defect (trapped state). The trapping rate is given by:

κ1

κ2

=
I1 exp

I2 exp

(50)

� τ1 exp consists of two lifetime components and τ2 exp is well seperated: This is

the case when simultaneously shallow and deep positron traps or defects and

defect-clusters exist. The lifetime components are given by:

1

τ1
= λb + κ1 + κ2 = λ1 (51)

1

τ2
=

1

τ1d
= λ2 (52)

1

τ3
=

1

τ2 exp

=
1

τ2d
= λ3 (53)

with intensities

I1 = 1− I2 − I3 (54)

I2 =
κ1

λb − λ2 + κ1 + κ2

(55)
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I3 = I2 exp (56)

and with trapping rates

κ1 =
τ1 exp(λb − I3λ3)− I1 exp

τ2 − τ1 exp

(57)

κ2 =
I2 exp

I1 exp

(λb − λ3 + κ1) (58)

� τ1 exp can be well seperated and τ2 exp consists of two lifetime components. This

is the case when the lifetime components differ slightly between 5− 10 %. This

could be the case in semiconductors where vacancy defects can occur in different

charged states. For the lifetime components follows:

1

τ1 exp

= λb + κ1 + κ2 (59)

τ2 exp =

(
I2

I2 + I3

)
τ1d +

(
I3

I2 + I3

)
τ2d (60)
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2.2 Doppler-broadening spectroscopy

As discussed in section 1.3.2, during the electron-positron annihilation process, con-

servation of momentum and energy holds. Because the momentum of the thermalized

positron is much smaller than the momentum of the electron at Fermi levels or higher,

the momentum of the positron must not be accounted for and information about the

electron can be obtained from the annihilation radiation. This effect can not only be

used in bulk but also in open-volume defects. In the latter, the fraction of valence

electrons involved in the annihilation process increases compared with that of core

electrons.

Information about the electron momentum distribution is contained in the annihi-

lation radiation. Normally each radiation photon carries half of the total energy E

which corresponds to the electron rest energy of 511 keV and the angle between the

two radiation photons normally is θ = 180◦.

The method of Doppler-broadening spectroscopy investigates the annihilation

peak at 511 keV . Because the electron momentum is very small, the energy shift is

also small and γ-detectors with a high energy resolution are essential. A schematic

depiction of the Doppler-broadening system is shown in Fig. 19.

Fig. 19: Experimental arrangement for Doppler-broadening spectroscopy [55].

The Doppler-broadened annihilation peak at 511 keV is measured with an intrinsic

Ge detector (DT) with an energy resolution (FWHM) of 1.18 keV at 497 keV . The γ-

quanta induce a charge carrier signal in the Ge detector proportional to their energy.

The signal of the Ge detector is processed by a preamplifier (PA) integrated in the
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detector, followed by further processing in the main amplifier (A). Subsequently, the

pulses are digitized in a fast analog-digital converter (ADC) and are stored according

to their pulse amplitude in the memory of a multi-channel analyzer (MCA).

Additionally high background radiation is added stemming from the 1.28 MeV

Compton radiation from the 22Na positron source. In conventional Doppler-broadening

spectroscopy the peak-to-background (P/B) ratio is approximately 200/1. With this

ratio, the high momentum fraction is close to the background values. Unfortunately

it is also this high momentum data that contains chemical information stemming

from core electrons. The ration of 220/1 can be improved to P/U ≈ 1− 2 · 105 with

the coincidence Doppler-broadening measurement where two detectors instead

of one are used. Another method leading to an even better peak-to-background ra-

tio of P/U ≈ 6 − 8 · 105 is the 2-dimensional coincident Doppler-broadening

spectroscopy. It was not used during the course of this thesis. [48, 34]

2.2.1 Line shape parameters

The quantitative evaluation of the Doppler-broadening spectra can be carried out

with specific line shape parameters. Two parameters are defined:

� S-parameter: the area of the central low-momentum part of the spectrum (see

Fig. 20)

� W -parameter: the area in the high-momentum region far from the center (see

Fig. 20)

Naturally the S-parameter describes the annihilation with the valence electrons and

is calculated by dividing the central low-momentum part AS by the area below the

whole curve A0. In terms of the content of the multi channel analyser (MCA), the

S-parameter can be written as:

S =
AS
A0

=

∑b
i=aNi∑
iNi

(61)

with

Ni ... content/counts in the channel i of the MCA

a− b ... intervall of the channels in the MCA corresponding to energies ±0.73 keV around

the annihilation peak at 511 keV (±0.73 keV ≡ ±2.86 mrad, 1 mrad ≡ 10−3 m0c).
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Accordingly, the W -parameter describes the annihilation in the high-momentum area

of the core electrons and is calculated as the area of the curve in a fixed energy inverval

AW divided by the area A0 below the whole curve. Referring to the MCA it can be

written as:

W =
AW
A0

=

∑d
i=cNi +

∑f
i=eNi∑

iNi

(62)

with

Ni ... content/counts in the channel i of the MCA

c− d and e− f ... intervalls of the channels in the MCA corresponding to energies on the

right and left of the annihilation peak at 505.84− 507.05 keV and 514.95− 516.16 keV .

Fig. 20: Line shape parameters (after [36])

In the chemically sensitive high momentum area of the curve the value for the W -

parameter is calculated from the intervalls c − d and e − f . This can serve as a

fingerprint for element identification and allows for chemically sensitive analysis.

To ensure the stability of the Doppler-broadening measurements during long measur-

ing periods, defect free FZ silicon was analyzed regularly for checking purposes.
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3 Measurements

As stated in the abstract as well as in chapter 1.1.2, the implantation-induced silicon

defects caused by proton-irradiation have a strong influence on the performance of

silicon devices. Often defects are electrically active after the annealing treatment and

possess deep electron levels in the band gap of silicon. This effect has been widely

investigated and is known as hydrogen-related shallow donor formation at annealing

temperatures of 300− 500◦C with the shallow donor level at EC − 0.026 eV in silicon

[56, 57].

The objective of this thesis is to carry out a systematic investigation of those defects

to yield a better understanding of them and their influence upon the electrical prop-

erties determined by spreading resistance measurements (see sec. 5). The following

parameters were investigated:

� FZ versus Cz silicon

� Low versus high resistivity silicon

� Implantation dose variation

� Annealing temperature variation

� Annealing time variation

� High energy implantatin in 120 µm wafers

The proton-implanted silicon layers were 725 µm thick with the exception of the high

energy implantation which was carried out in 120 µm-thick material. The ground

material was < 111 > oriented and n-doped with boron in an either Czochralski or

float-zone grown substrate. Since the 22Na positron source has a penetration depth

of approximately 100 µm in silicon, the proton implantation energy was chosen as

3.2 MeV , resulting in an implantation maximum of approximately 100 µm. This

guarantees an optimal overlap of the positron penetration range with the maximum

defect layer caused by the thermalized protons at the end of their path in the sub-

strate.

Figures 21 and 22 show the ionization and collision events of the implanted H+ ions

obtained using SRIM 2008 [14]. The parameters for the simulations were chosen to

match the real life experiments:
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SRIM 2008 parameters

� Layer 1: Silicon

� Implanted element: H+

� Energy: 3.2 MeV

� Incidence angle: 13◦

� Number of implanted ions: 106

Fig. 21: Ionisation caused by 3.2 MeV proton implantation. [14]

Fig. 22: Vacancies produced by 106 implanted protons with an energy
of 3.2 MeV . [14]

44



3.1 Positron lifetime spectroscopy 3 Measurements

3.1 Positron lifetime spectroscopy

Positron lifetime measurements were carried out as a function of the implantation

dose (3.1.1), the annealing temperature (3.1.2) and the implantation energy (3.1.3).

Additionally, low temperature positron lifetime measurements were performed on Cz

and FZ silicon samples undergoing annealing treatments at 200◦C and 400◦C (3.1.4)

with the goal of determining the charged state of the defects.

In the proton-implanted layers, the positron lifetime spectra can be mathematically

decomposed to free and defect-related annihilation states as shown in section 1.3.3.

This makes it possible to determine the characteristic positron lifetime corresponding

to certain defects.

Source correction

The β+-active 22NaCl source contributed to the measured lifetime spectra with

730 ps and an intensity of 1.8 %. Those values were obtained by measuring a Cz

silicon sample as received, meaning that it has not been implanted with protons nor

has it undergone any annealing treatments.

A two-term fit was carried out and the second lifetime and its intensity obtained were

used for the source correction values since no significant defect concentration could be

expected in the non-implanted sample. The correction term, therefore, corresponds

to annihilations in the Al foil and in the NaCl salt and was subtracted from the

lifetime spectra during the analysis procedure.
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3.1.1 Dose variation

All the samples investigated during this experiment were implanted with 3.2 MeV

protons. To describe the positron lifetime spectra in the undoped Cz p-type silicon

as received, one lifetime component was sufficient. For the analysis of the lifetime

spectra of the implantation doses 1 · 1014, 2 · 1014, 1 · 1015, 2 · 1015 and 1 · 1016 cm−2,

two lifetime components were required.

In figure 23, the mean positron lifetime τm is plotted as a function of the implantation

dose. At room temperature the measured positron lifetime τb in Cz was 219 ps, in

excellent accordance with published data [53].

Additionally, the defect concentration was calculated from the defect trapping rate

κd (see equations 31 and 34).

The following defect concentrations were obtained:

Dose : 1 · 1015 cm−2 ⇐⇒ 1.5 · 1017 cm−3

Dose : 2 · 1015 cm−2 ⇐⇒ 1.8 · 1017 cm−3

Dose : 1 · 1016 cm−2 ⇐⇒ 2.7 · 1017 cm−3

Higher implantation doses led to an increase in the mean positron lifetime τm as well

as to an increase in defect concentration (Fig. 23). At doses 1 · 1014 and 2 · 1014 no

defect concentrations were detected and the values for τm were in the 219 ps region,

corresponding to the undoped Cz silicon values τb.

The defect lifetime τ2 showed a slight increase from 253 − 270 ps with increasing

implantation dose from 1 · 1015 − 1 · 1016 cm−2, shown in figure 24. Defect lifetimes

between 266 − 275 ps correspond to the monovacancy V [34]. Monovacancies do

not exist at room temperatures indicating that our findings are vacancy complexes.

Because no defect concentrations were observed in FZ silicon (see sections 3.1.4.3,

3.2.2 and 3.2.3) it was concluded that the findings correspond with the vacancy-

oxygen complex V −O.
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Fig. 23: Mean positron lifetime τm measured at room temperature as a function
of different proton implantation doses in p-type Cz Si.

Fig. 24: Defect lifetime τ2 as a function of the implantation dose. For the lowest
doses only one lifetime component could be analyzed (red symbols).
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3.1.2 Annealing temperature variation

This experiment was designed to investigate the changes in defects in p-type Cz

silicon as a function of the annealing temperature with a constant annealing time of

1 h. The annealing was carried out in a vacuum oven at a pressure of 10−6 mbar

and a constant ramping-up rate of 6◦C/min. The proton doping parameters were

constant, given by:

� Implantation dose: 2 · 1015 cm−2

� Implantation energy: 3.2 MeV

To describe the positron lifetime spectra for the samples annealed up to 500◦C, two

lifetime components were necessary. For the annealing temperatures of 600, 700 and

800◦C, only one lifetime component was sufficient.

Figure 25 shows the obtained values for the mean positron lifetime τm. As could

be expected, the highest value for τm was found in the implanted but not annealed

sample with τm ≈ 226 ps. No significant change in τm was observed between the

unannealed sample and the sample annealed at 150◦C. Between 200 − 400◦C, τm

remained at a constant value of 224 ps. A steady decrease in the mean lifetime to

219 ps followed after annealing at 400−600◦C. At temperatures 600, 700 and 800◦C,

a constant value of 219 ps was reached, corresponding to the defect-free bulk value

for Cz silicon (see 3.1.1).

Since no defect concentrations were detected in the FZ silicon samples (see sections

3.1.4, 3.2.2 and 3.2.3) implanted with the same dose and energy and undergoing

various annealing treatments, the observation of open volume defects in Cz silicon

(Fig. 25) strongly suggests the involvement of oxygen in the form of V −O complexes

as is discussed above in section 3.1.1. The defects perform a gettering function [6]

for the O and O−H codiffusion and serve as thermal donor (TD) formation-centers

as previously reported by [5].

The TD formation was confirmed by spreading resistance measurements (sec. 5.1)

showing a peak in the charge carrier concentration being formed between 300−500◦C.

The maximum of the peak is located at 100 µm which corresponds exactly with the

peak of the implanted protons (Fig. 22). These results clearly show the correlation

between the defect layer created by proton implantation and the formation of thermal

donors in p-type Cz silicon after the annealing procedure.
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Fig. 25: Mean positron lifetime τm as a function of the annealing temperature.
The red circle marks the constant values where τm is in the range of defect-free
bulk Si (see 3.1.1).

Figure 26 shows the defect lifetime τ2 and its intensity as a function of the annealing

temperature. The increase of about 10 ps between 250− 350◦C can be attributed to

the divacancy-oxygen complexes annealing. At temperatures 450− 600◦C, a drop in

the defect lifetime τ2 was observed. At temperatures higher than 600◦C, the intensity

of the second lifetime component vanishes, indicating that the defects observed have

disappeared.

Leipner and Krause-Rehberg [34] and Watkins [58] report the formation of the vacancy-

oxygen complex V2O through V2 +O → V2O at temperatures between 250− 350◦C.

With increasing temperatures, further clustering of V −O complexes takes place [34].

Oxygen clusters in silicon can exist in electrically active configurations [8], known as

thermal donors (TD) as is discussed above.

According to [8] hydrogen plays two major roles in the TD formation: First it en-

hances O −H codiffusion and secondly it has a catalytic role in the TD formation.

1. O−H codiffusion: In the absence of pre-existing O clusters in Si, TD forma-

tion relies on O agglomeration due to O−H codiffusion with a diffusion barrier

of 1.55 eV .
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2. Catalytic role of H: H+ and H0 transform inactive chains of oxygen atoms

to electrically active ring structures with three-fold coordinated oxygen atoms

and bind to it strongly. At high enough temperatures, the dissociation of the

TD − H complex is activated. The released H diffuses rapidly in silicon. It

promotes O agglomeration and eventually binds to a new O cluster. Then

another cycle of events starts with the transformation of the inactive O chain.

Fig. 26: Defect lifetime τ2 and the corresponding intensity I2 in the temperature
range 0 − 800◦C. The red circle indicates the temperature range where no more
defects could be detected.
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Analysis using the diffusion model

In figure 27 the diffusion model described in section 1.3.4 was used for the analysis of

the annealing temperature variations, to show the difference in changes of the average

lifetime in the proton-implanted region τimpl in comparison to the average lifetime in

the entire sample τave. Figure 28 depicts the difference in the calculation between

τimpl and τave. From the model it was calculated that about 40 % of the positrons

annihilate in the unimplanted silicon region beyond the 100 µm-deep proton layer.

In the not-annealed sample a difference of 3 ps between τimpl ≈ 227 ps and τave ≈
224 ps was observed. The value for τimpl is higher because in the diffusion model

only the proton-implanted region is considered for the calculation of τimpl, therefore,

disregarding defect free bulk values as shown in figure 28.

Fig. 27: Calculated lifetimes τave and τimpl as a function of the annealing tem-
perature (see sec. 1.3.4) [5].

The diffusion model does not only provide the mean positron lifetime in the proton-

implanted region, it also shows clearly at which temperature the total annealing out

of defects occurs. This is the case at 600◦C where both curves for τimpl and τave meet.

At this temperature τave and τimpl equal the bulk value for the lifetime in silicon of
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219 ps. This finding is in accordance with earlier results [6, 34] showing that at

temperatures higher than 600◦C no defects are present.

Fig. 28: Mean positron lifetimes τimpl (red arrow), τave (green arrow) and τb
(black arrow) of the diffusion model.
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3.1.3 Energy variation

The objective of this experiment was to implant a very thin, 120 µm p-doped Cz

wafer with 2 · 1015 high energetic 4 MeV protons. In this energy range the majority

of the protons should pass through the thin wafer and, therefore, not create a highly

concentrated proton layer in the sample.

The SRIM 2008 simulation for the 4 MeV protons in silicon yielded an ion range

of 148 µm (Fig. 29 (a)) which ensured the objective of not implanting the majority

of the protons into the 120 µm wafer. Figure 29 (b) shows the distribution of the

vacancies produced by 4 MeV protons.

(a) (b)

Fig. 29: SRIM 2008 simulation of implanting 4 MeV protons in 120 µm p-doped Cz
wafer [14].

Because the 120 µm silicon sample was too thin for the experiment due to the positron

penetration range (see sec. 1.3.1), two instead of only one 120 µm Si samples were

fixed on both sides of the sandwich sample setup.

The results yielded a defect lifetime component τ2 = 306 ps with an intensity of 28 %.

Using equation 31 a defect concentration of 5.1 · 1016 cm−3 was obtained.

The defect lifetime τ2, therefore, increased from 256 − 306 ps (see Fig. 24) with

increasing implantation energy. This could be a hint, that with higher energies larger

vacancy-oxygen complexes are induced, for instance V2 − O. The intensity of this

defect is lower, in accordance with the findings of the SRIM simulation (see Fig. 29

(b)).
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3.1.4 Low temperature measurements

The decision to perform low temperature measurements was made in order to in-

vestigate whether information about the charge states of the defects in the proton-

implanted silicon samples could be obtained.

As is discussed in sections 3.1.1, 3.1.2 and 3.1.3, vacancy-oxygen complexes have been

detected in previous measurements. According to Mascher et al. [45], the vacancy-

oxygen complex (V O) and the V O2 complex annealing can not be observed directly

at room temperatures using the positron annihilation method due to their shallow

trap behaviour. They state that lower temperature measurements are required. Eich-

ler [46] reports characteristic behaviours from theoretical calculations for the average

positron lifetime in the presence of vacancies and shallow positron traps (st) in dif-

ferent charge states. These characteristic behaviours should in principle enable the

experimentor to distinguish between the V −, V − + st, V 0 and V 0 + st vacancies

in silicon.

Due to the long measuring times required for obtaining one graph using low temper-

ature positron lifetime measurements, three samples with the following parameters

were chosen for this experiment:

1. p-type Cz silicon: Implantation dose: 2 · 1015 cm−2; implantation energy:

3.2 MeV ; annealing temperature: 200◦C; annealing time: 1 h.

2. p-type Cz silicon: Implantation dose: 2 · 1015 cm−2; implantation energy:

3.2 MeV ; annealing temperature: 400◦C; annealing time: 1 h.

3. p-type FZ silicon: Implantation dose: 2 · 1015 cm−2; implantation energy:

3.2 MeV ; annealing temperature: 200◦C; annealing time: 1 h.
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3.1.4.1 Cz silicon, Annealing temperature: 200◦C

Figure 30 shows the mean positron lifetime as a function of the measuring temperature

starting from 293 K down to 10 K. Correspondingly, figure 31 depicts the defect

lifetime τ2 and its intensity derived from each measurement. To describe the positron

lifetime spectra for the sample, two lifetime components were used in the analysis.

The graph 30 obtained from this measurement displays the characteristic behaviour

of the average positron lifetime of the V − + shallow trap vacancy as shown by Eich-

ler [46] (see Fig.14). The values obtained for the defect lifetime τ2 (Fig.31) showed

a rather constant behaviour down to about 100 K followed by a decrease of about

10 ps for lower temperatures. This behaviour is consistent with earlier findings [34] for

shallow traps also reporting constant τ2 values with a decrease at lower temperatures.

Fig. 30: Characteristic behaviour of the average positron lifetime of the V − +
shallow trap vacancy according to Eichler [46](see Fig.14).
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Fig. 31: Defect lifetime τ2 and the corresponding intensity I2 as a function of the
measuring temperature.
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Positron trapping rate

From the results of the low temperature measurements on the Cz silicon sample

annealed at 200◦C, the trapping rate κd was calculated using equation 31 and is

shown in figure 32, normalized to the value at κ (10 K) as a function of temperature.

The fixed values for the calculation were 219 ps for the silicon bulk lifetime τb and

270 ps for the defect lifetime τ2. The mean positron lifetime τm was calculated

according to equation 30. Its value dependet on the measuring temperature T .

The positron trapping rate of the sample showed no temperature dependence below

130 K (κ ∝ T−0.1) (see Fig. 32). Above 130 K a stronger temperature dependence

of κ ∝ T−1.1 was observed. According to Le Berre et al. [59] this temperature

dependence can be attributed to the detrapping of the extended Rydberg states of

negative vacancies with low binding energies.

A different temperature dependence of the trapping rate was observed in the same

silicon sample at a higher annealing temperature of 400◦C, as will be shown later in

section 3.1.4.2, figure 35.

Fig. 32: Positron trapping rate κ in the V − + st vacancies as a function of
measuring temperature after annealing at 200◦C. The trapping rate is normalized
to the value measured at 10 K.
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3.1.4.2 Cz silicon, Annealing temperature: 400◦C

After having investigated the silicon sample undergoing annealing treatment at 200◦C

for 1 h and having observed the V − st vacancy, it was decided to see if the result would

change if the annealing temperature was raised by 200◦C. The decision to anneal

at 400◦C was based on the results of the spreading resistance measurements which

showed the formation of a high peak in carrier concentration at that temperature

(see sec. 5).

The results for the mean positron lifetime τm are depicted in figure 33. Figure 34

shows the defect lifetime τ2 and its intensity. Both results were obtained using a two

term fit for describing the positron lifetime spectra.

According to Eichler [46] the results displayed in figure 33 shows the characteristic

temperature dependence of the mean lifetime τm of a negatively charged monova-

cancy. The temperature dependence of the vacancy including the shallow trap, dis-

played in figure 30, was no longer observed. Therefore, the temperature dependence

of the mean positron lifetime differs significantly from that after annealing treatment

at 200◦C.

Fig. 33: Mean positron lifetime τm as a function of the measuring temperature
for the sample annealed at 400◦C for 1 h.

58



3.1 Positron lifetime spectroscopy 3 Measurements

The defect lifetime τ2 shows a non-constant behaviour down to 50 K with increasing

intensity from approximately 65 − 90 % with decreasing measuring temperatures.

Below 38 K the defect lifetime reached a constant value of about 260 ps and a cor-

responding intensity of 92 %.

Fig. 34: Defect lifetime τ2 and the corresponding intensity as a function of the
measuring temperature.

59



3.1 Positron lifetime spectroscopy 3 Measurements

Positron trapping rate

Using equation 31 the temperature dependence of the positron trapping rate was also

calculated for the Cz silicon sample annealed at 400◦C.

The values for τb and τ2 remained the same, τm was calculated according to equation

30 and the normalized values of κ in figure 35 were calculated using the values for τm

obtained at 10 K of this measuring series.

In the temperature range from 10 − 50 K the trapping rate was nearly constant

with κ ∝ T−0.1. Above 60 K a temperature dependence according to κ ∝ T−0.6 was

observed.

Therefore, in contrast to results obtained above the temperature dependence of the

trapping rate κ shows a very different behaviour from that after annealing at 200◦C,

as is discussed in section 3.1.4.1.

Fig. 35: Positron trapping rate κ in the V − vacancies as a function of the mea-
suring temperature after annealing at 400◦C. The trapping rate is normalized to
the value measured at 10 K.
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3.1.4.3 FZ silicon, Annealing temperature: 200◦C

The low temperature measurements on the FZ silicon sample did not show any

temperature dependence. This is in accordance with the findings of the Doppler-

broadening spectroscopy experiments in sections 3.2.2 and 3.2.3, were also no tem-

perature dependence was found in the FZ silicon samples.

Because the negatively-charged shallow trap V − + st and the negatively charged

monovacancy V − were detected only in Cz silicon (see sec. 3.1.4.1 and 3.1.4.2, re-

spectively) during the low temperature measurements, the observation of no defects

in FZ silicon is attributed to the missing oxygen content, as is discussed in section

3.1.1.

3.2 Doppler-broadening spectroscopy

Doppler-broadening measurements were carried out as a function of the implantation

dose in Cz silicon (3.2.1), the annealing temperature in Cz and FZ silicon (3.2.2) and

the annealing time in Cz and FZ silicon (3.2.3).

As described in detail in section 2.2, the values of the resulting S- and W -parameters

of the Doppler-broadening measurements are the fractions of positrons annihilating

with electrons in the low and high-momentum range, as shown in figure 20. Therefore,

the S-parameter describes the annihilation with the valence electrons and the W -

parameter the annihilation with the high-momentum core electrons.

In an open volume defect the valence electron density is higher due to missing atoms.

This leads to more annihilations with valence electrons compared to defect free ma-

terial. Therefore, in a defect-rich region in silicon, the S-parameter is expected to

be higher and the W -parameter lower than the S- and W -values of defect-free bulk

silicon. With that, qualitative statements in regards to defect density increase or

decrease can be made rather easily.

The bulk parameters Sb and Wb were obtained from the Doppler-broadening mea-

surements of the not-implanted silicon samples and were taken as reference values:

Cz Si: Sb = 0.4882± 0.0003, Wb = 0.0799± 0.0002.

FZ Si: Sb = 0.4874± 0.0003, Wb = 0.0809± 0.0002.
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3.2.1 Dose variation

The Doppler-broadening measurements are an independent complementary experi-

mental method to the positron lifetime experiments. With that in mind, the goal

of this experiment was to confirm the results of the positron lifetime measurement

where the expected increase in defect concentration at higher implantation doses was

detected (sec. 3.1.1).

Sample parameters

� p-type Cz silicon

� Implantation energy: 3.2 MeV

� No annealing treatment

Figures 36 and 37 show the S- and W -parameters as a function of the implantation

dose ranging from 1 · 1014 − 1 · 1016 cm−2. The values were normalized to the bulk

values Sb and Wb of the not-implanted Cz silicon sample, as discussed above.

At doses 1 · 1014 cm−2 and 2 · 1014 cm−2, both graphs showed the parameters close

to 1 indicating that the defects in the material were below the detection limit of this

measuring method. There was a clear increase in S/Sb in the implantation range

above a dose of 1 · 1015 cm−2 indicating an increase in defect concentration with

increasing implantation doses.

62



3.2 Doppler-broadening spectroscopy 3 Measurements

Fig. 36: Normalized S-parameter as a function of the implantation dose.

Fig. 37: Normalized W -parameter as a function of the implantation dose.
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Figure 38 is a contour plot of the normalized S- and W -parameters as a function

of the implantation dose shown in different colours. It was chosen because it nicely

accentuates how the S- and W -parameters move further away from the defect free

bulk values as a function of increasing dose. The area around 1 marks the defect bulk

values.

Fig. 38: Contour plot of the normalized S- and W -parameters as a function of
the implantation dose. The defect free bulk material corresponds to the values
around 1, indicated by the purple colour at the bottom right of the graph.
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3.2.2 Annealing temperature variation

After determining the influence of different implantation doses upon the sample prop-

erties in the previous chapter, the next step was to investigate different annealing

temperatures. The goal was to experimentally determine the lower and higher tem-

perature boundary for defect annealing.

It was also of interest to compare the results obtained by the Doppler-broadening

technique in this chapter with the previous findings for the annealing temperature

variation obtained through the complementary method of the positron lifetime mea-

surements in chapter 3.1.2.

Sample parameters

� p-type Cz and FZ silicon

� Implantation energy: 3.2 MeV

� Implantation dose: 2 · 1015 cm−2

� Annealing time: 1 h

p-type Cz silicon

Figures 39 and 40 show the normalized S- and W -parameters as a function of the

annealing temperature ranging from 200−800◦C. The red square in the graphs marks

the value of the not-implanted, not-annealed reference sample. Above and below the

reference value in figures 39 and 40, respectively, are the values of the implanted

samples without any annealing treatment. Due to the increase in defect density, the

S-parameter shows a strong increase and the W -parameter a clear decrease from the

unimplanted sample.

In the temperature range from 200−600◦C, a decrease of S/Sb was observed reaching

a constant value at around 600◦C. The observed value corresponds to the bulk value

of the S-parameter. A similar result was obtained for the W -parameter. Between

200 − 450◦C, a steady increase of W/Wb was detected. Above 450◦C the values for

W/Wb match the bulk values indicated by the red square in the graph. These findings

are in clear accordance with the previous results derived from the positron lifetime

measurements in section 3.1.2.

65



3.2 Doppler-broadening spectroscopy 3 Measurements

Fig. 39: Behaviour of S/Sb with increasing annealing temperature. The red
square in the graph marks the reference value of the not-implanted, not-annealed
reference sample corresponding to defect free bulk silicon.

Fig. 40: Behaviour of the normalized W -parameter as a function of the annealing
temperature. The value of the defect free bulk material is indicated by the red
square.
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Figure 41 shows the normalized S- and W -parameters as a function of the annealing

temperature. The red square marks the value for the not implanted, not-annealed

reference sample.

This depiction was chosen because it clearly shows how both integral parameters

move towards the defect-free bulk values at higher temperatures. Above 500◦C the

S-parameter reaches a constant value close to the defect free bulk value of the refer-

ence sample indicating complete defect annealing above 500◦C. As could be expected,

the implanted not-annealed sample is the furthest from the reference sample corre-

sponding to the highest defect concentration due to the missing annealing treatment.

Fig. 41: Normalized S- and W -parameters as a function of the annealing tem-
perature. The red square in the graph marks the value of the not-implanted,
not-annealed reference sample.
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FZ silicon

In addition to the Doppler-broadening measurements on Cz silicon, FZ silicon was also

investigated. FZ silicon is not usually used in combination with proton implantation

for the creation of doping layers in semiconductor technology because of the important

role oxygen plays in the thermal donor formation [5]. As discussed in the basic

material chapter (1.1.1), FZ silicon lacks a significant oxygen content. Nevertheless,

FZ silicon samples were investigated for the sake of completeness during the course

of this thesis.

Figures 42 and 43 show the normalized S- and W -parameters as a function of the

annealing temperature ranging from 200− 800◦C. The not-implanted, not-annealed

reference sample is shown as a red square in the graphs.

Both graphs show that no significant changes were detected in the FZ silicon samples

implanted with 2 · 1015 cm−2 3.2 MeV protons. The S/Sb values remain mostly

close to the bulk values with insignificant changes in the third decimal places. The

same was observed for the W -parameter where W/Wb did not show any characteristic

behaviour.

These results were confirmed by the low temperature lifetime measurements (sec.

3.1.4), were also no defect concentrations were detected.

Fig. 42: Changes of S/Sb with increasing annealing temperatures. The red square
in the graph marks the unimplanted, defect free FZ silicon reference sample.
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Fig. 43: Normalized W -paramter as a function of the annealing temperature. The
defect free reference sample is indicated by the red square.
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3.2.3 Annealing time variation

After having studied the influence of variations in the implantation dose and an-

nealing temperature on defect concentrations, the last important variable to in-

vestigate was the annealing time. Especially for the semiconductor industry where

long annealing times means higher production costs, it is important to understand

which annealing times are necessary to meet certain product requirements.

Therefore, the goal of the following experiments was to establish the lower and higher

annealing time boundaries for defect reduction and activation of shallow donors,

visible in the spreading resistance measurements (SRP) in the appendix (sec. 5). The

annealing times ranged from 30 min−10 h with a constant annealing temperature of

400◦C. The temperature was chosen based on the results of the SRP measurements,

where a clear peak in charge carrier concentration was observed at 400◦C (see sec.

5).

Sample parameters

� p-type Cz and FZ silicon

� Implantation energy: 3.2 MeV

� Implantation dose: 2 · 1015 cm−2

� Annealing temperature: 400◦C

p-type Cz silicon

Figures 44 and 45 show the normalized S- and W -parameters as a function of the

annealing time ranging from 0.5 − 10 h. The red square in the graphs marks the

value of the not-implanted, not-annealed reference sample which is located at 1 in

the normalized depiction. Above and below the reference value in both figures are

the values of the implanted samples without any annealing treatment. Because of the

increase in defect density after implantation, the S-parameter shows a strong increase

and the W -parameter a clear decrease from the unimplanted sample.

As can be seen, in figures 44 and 45, already after 30 min annealing at 400◦C a stable

state is reached. Further annealing up to 10 h does not yield additional significant
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changes in the S- and W -parameters. This can also be seen from figure 46, were the

changes in the S- and W -parameter are very small.

Fig. 44: Behaviour of the normalized S-parameter with increasing annealing
times. The unimplanted reference sample, corresponding to defect free silicon,
is indicated by the red square in the graph.

Fig. 45: W/Wb as a function of annealing time. The normalized defect free,
not-implanted reference sample is marked by the red square.

71



3.2 Doppler-broadening spectroscopy 3 Measurements

The S- and W -parameters, normalized to the not-implanted, not-annealed reference

sample, are shown in figure 46. The straight lines serve as a guide for the eye regard-

ing the defect-free bulk values and the red square marks the reference value. This

depiction accentuates the effect of only 0.5 h annealing versus no annealing, as well

as the unimportants of annealing time between 0.5− 10 h, as is discussed above.

Fig. 46: Normalized integral parameters as a function of the annealing time writ-
ten next to the circles. The reference value is marked by the red square and the
straight lines serve as a guide for the eye regarding the defect-free bulk values.
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FZ silicon

For the sake of completeness, the influence of different annealing times upon silicon

samples was not only investigated on Czochralski-grown silicon but also FZ material.

The results of the experiments are displayed in figures 47 and 48. As previously

done, the normalized S- and W -parameters are shown as a function of the annealing

time ranging from 0.5 − 10 h. The red square in the graphs marks the value of the

not-implanted, not-annealed reference sample.

Even though the samples were implanted with 2 · 1015 cm−2 3.2 MeV protons, no

significant changes in S/Sb nor inW/Wb were observed. There were also no significant

changes observed between the not-annealed sample versus the annealed samples. For

both S- and W -parameters, the values of the integral parameters only varied in the

third decimal place.

The results are in accordance with previous lifetime measurements for the FZ mate-

rial discussed in sections 3.1.4.3 and 3.2.2, were also no defects were detected due to

the missing oxygen content in float zone silicon.

Fig. 47: Normalized S-parameter in the FZ silicon sample as a function of the
annealing time. The normalized bulk value of the unimplanted, defect free sample
is plotted as the red square in the graph.
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Fig. 48: Normalized W -parameter as a function of the annealing time. Defect
free FZ bulk silicon was used as a reference indicated by the red square.
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4 Summary

Defect studies on p-type Czochralski-grown and p-type float zone-grown silicon sam-

ples implanted with 3.2 MeV protons were performed during the course of this thesis.

The defect investigations were performed using two prominent positron techniques:

One being Positron lifetime spectroscopy and the other Doppler-broadening

spectroscopy. The two different experimental methods complement each other.

Additionally, as part of positron lifetime spectroscopy low temperature measure-

ments down to 10 K were carried out.

Because the effect of proton doping upon the formation of a doping layer in silicon was

of interest, spreading resistance measurements (SRP) were undertaken for the analysis

of the charge carrier concentration in the doping layers. The SRP investigations

could not be performed at the University of Technology in Graz and therefore was

outsourced by Infineon Austria Technologies AG. For the sake of completeness the

results of the SRP measurements are attached in the appendix of this work.

The following variable parameters were investigated using both positron techniques:

implantation dose, annealing temperature, annealing time and high energy

implantatin in 120 µm wafers.

The measurements on p-type Cz silicon samples receiving different proton implanta-

tion doses revealed an increase in the mean positron lifetime τm with increasing doses.

The increase in τm was attributed to higher defect concentrations as more protons

were implanted. The doses investigated were: 1 · 1014, 2 · 1014, 1 · 1015, 2 · 1015 and

1 · 1016 cm−2.

The different annealing temperatures performed on the proton-implanted Cz and FZ

silicon samples ranged from 200− 800◦C. All the samples were annealed for 1 h and

were implanted with 2 · 1015 cm−2 protons with an implantation energy of 3.2 MeV .

In Cz silicon a decrease in τm with increasing annealing temperatures up to 600◦C

was observed. Above that temperature a pleateau was reached and the mean defect

lifetime was in the range corresponding to defect-free bulk silicon. Very few changes

of τm between 200− 400◦C were observed followed by a significant decrease between

400 − 600◦C. This indicates the stabilizing effect of hydrogen incorporation upon

defect complexes in that temperature range and has also been reported in literature.

Annealing temperature variations on FZ silicon were not performed.
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4 Summary

The annealing time investigations on Cz silicon showed no significant changes in the

S- or W -parameters between annealing of 0.5− 10 h. This indicates that the length

of the annealing treatment is not a crucial factor for the changes in defect concen-

trations or the electrical properties of the doping layer. However, a clear difference

between the not-annealed and the annealed samples was observed. The values of the

annealed samples were closer to the bulk values. The corresponding investigations

on FZ silicon did not yield any significant results.

Low temperature positron lifetime measurements were carried out on two different Cz

silicon samples. One was annealed at 200◦C for 1 h and the other at 400◦C also for

1 h. The results from the first sample undergoing the lower annealing temperature

treatment showed the existence of the V − + shallow trap vacancy, which can not be

detected at room temperatures. The results of the second sample concured with the

behaviour of the V − vacancy. No defects were detected in the FZ silicon samples

annealed at 200◦C for 1 h.

In FZ silicon no defects were detected, either after proton implantation nor after any

temperature treatment.
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5 Appendix

5.1 Spreading Resistance Profiling

Annealing temperature variation

Fig. 49: Anneal. T: 200◦C, Anneal. t: 60 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV

Fig. 50: Anneal. T: 300◦C, Anneal. t: 60 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV
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Fig. 51: Anneal. T: 350◦C, Anneal. t: 60 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV

Fig. 52: Anneal. T: 400◦C, Anneal. t: 60 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV
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Fig. 53: Anneal. T: 450◦C, Anneal. t: 60 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV

Fig. 54: Anneal. T: 500◦C, Anneal. t: 60 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV
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Spreading Resistance Profiling

Annealing time variation

Fig. 55: Anneal. T: 400◦C, Anneal. t: 30 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV

Fig. 56: Anneal. T: 400◦C, Anneal. t: 60 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV
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Fig. 57: Anneal. T: 400◦C, Anneal. t: 120 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV

Fig. 58: Anneal. T: 400◦C, Anneal. t: 240 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV
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Fig. 59: Anneal. T: 400◦C, Anneal. t: 480 min
red: electrical resistance, green: specific resistance, blue: charge carrier concentration
Cz Si, Implantation dose: 2 · 1015 cm−2, Implantation energy: 3.2 MeV
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