
700650600550500

700650600550500 T(K)

T(K)

S

S

S

S

S

W

W

W

W

W

S S

W W

S

W

SS

WW

Sb

P

Ge

Si

vacancy (Si)

















Preface

The work presented in this thesis was conducted in the positron group in the

Department of Applied Physics at the Aalto University School of Science between

September 2007 and June 2011.

I wish to thank my instructor, Doc. Filip Tuomisto, for all the help and advice he

has provided during these years, and furthermost for giving me an opportunity

to work and complete this thesis in the group. I thank Doc. Jonatan Slotte for

being almost a private instructor available at any time for this thesis project. I

also would like to thank the late prof. Kimmo Saarinen for taking me into the

positron group as an undergraduate student. My thanks also go to professors

Pekka Hautojärvi and Martti Puska for sharing their immeasurable knowledge of

positron physics with me whenever needed.

I want to thank both the former and the current members of the positron group.

You all have been really nice people to work with! Special thanks go to Dr. Klaus
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1. Introduction

The existence of modern electronics is made possible with the use of semicon-

ducting materials. The striving towards smaller and more powerful components

ensures the importance of semiconductor research both in finding new candidate

materials for applications and in improving ways in which existing ones are used

in the industry. Despite lengthy efforts in finding its successor, silicon is still

the most commonly used material in current semiconductor technology. Silicon

is a group IV semiconductor and has a forbidden energy gap of 1.1 eV which

means that it is an insulator at very low temperatures and a poor conductor at

room temperature. Performance-wise silicon is not the best semiconductor but

it has other properties which have made it the material of choice in mainstream

electronics industry. Firstly, silicon is very easy to grow also in large quantities

which makes it cheap and thus gives it by far the best performance-cost ratio

among semiconductor materials. In addition to that, silicon also has a stable

native oxide, SiO2, which is very helpful to device industry as it can be used for

insulation and passivation layers. [1]

Even though silicon is the mainstream semiconductor in electronics nowadays,

the first transistor back in the 1940s was made from another group IV element,

germanium [2]. Germanium has a band gap of 0.66 eV so it has better conduc-

tivity at room temperature than silicon does. In fact, performance-wise it is a
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better semiconductor than silicon. However, silicon’s other strengths (cost, native

oxide) have allowed it to bypass germanium as the backbone of the electronics

industry. After the emergence of silicon, germanium research was all but forgot-

ten for several years, only to surface again in the wake of the new millennium

when it became apparent that silicon would soon be reaching its physical limits

in the ever-grinding gears of technological development. In the search for sili-

con’s successor germanium has a few trump cards with which it may well beat its

competitors. Firstly, carrier mobilities in it are very high thanks to the low ef-

fective masses of the carriers. This property makes germanium very potential for

high performance applications. In fact, when holes are considered germanium is

ahead of all the III-V compound semiconductors in mobility [1]. Secondly, being

a group IV element with similar chemical and structural properties to those of

silicon makes germanium easy to incorporate into the existing Si-based technol-

ogy. This can be done with Ge either as a pure material or alloyed with silicon

(Si1−xGex), the latter bringing more aces on the table in the forms of lattice

strain and band gap engineering between the values of pure Si and pure Ge. The

strain in Si1−xGex layers is caused by the lattice mismatch between Si and Ge,

and it improves the carrier mobilities in the layers. Nowadays, strained Si1−xGex

is used to improve the carrier mobilities in high performance transistors [1, 3, 4]

but there are plans to utilize pure Ge instead in order to further improve the

effect [5].

The electrical (and sometimes also mechanical) properties of a semiconductor

are greatly influenced by various kinds of defects present in the material. Point

defects such as vacancies (missing atoms) and vacancy-impurity complexes are

very common and can be introduced into the material both during growth and

device fabrication. It is also possible to purposefully introduce these kinds of

defects into a material for example with irradiation. Point defects cause anomalies

in the band structure of a semiconductor by adding new energy levels into the

forbidden band gap. These levels are able to trap electrons and/or holes and
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thus prevent them from filling their desired purpose as charge carriers. Defects

can also be useful for example in controlling impurity diffusion. This aspect has

become very important due to the need for thinner and thinner highly-doped

semiconductor layers in the device industry.

The most common way to remove undesired point defects from a material is to

anneal it in high temperatures where the defects become mobile [6]. However, it

is not only the defects which become mobile in such a treatment; dopant atoms

will also do so. Thus, in applications which need thin doped layers annealing can

sometimes be out of the question. In these cases it would be extremely helpful to

prevent the formation of defects altogether or at least limit it as much as possible.

In n-type Si1−xGex, so-called E centers consisting of a donor atom and a vacancy

are very common defects [7, 8]. They are known to act as carrier traps and

thus hinder the electrical performance of the material. Increased doping required

by present high performance electronics means that the amount of E centers

increases as well. Thus, controlling their formation and finding suitable ways to

remove them is crucial for the electronics industry utilizing Si1−xGex.

The tendency of vacancies to pair with impurity atoms also has a more direct

effect; vacancies are very important to impurity diffusion in various semiconductor

materials. Depending on the situation, this can be good or bad. In a perfect world

impurities would diffuse easily in the thin layer they are intended to be put into

and then stop at the interface of the layer and the substrate. In reality, this is

hard to achieve without understanding the physics behind the impurity diffusion.

Vacancies may affect impurity diffusion even when the diffusion mechanism does

not involve them directly. For example, one of the most commonly used donor

dopants in silicon - boron - diffuses in the lattice paired with Si self-interstitials

but vacancies still play a large role in its diffusion [9–14]. The self-interstitials are

eager to occupy the vacant lattice sites so the presence of vacancies reduces the

boron diffusion. Of course, boron itself may also get trapped in the vacancies.
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The diffusion-limiting property of vacancies in the case of boron can be very

useful when controlling the thickness of a doped layer in silicon.

Vacancy-type defects are a nuisance for people designing novel solar cell materials.

In applications where minimizing carrier losses is of utmost importance, getting

rid of passivating factors such as vacancies is crucial. In order to improve the light

conversion of a solar cell, complex structures such as multijunctions made from

several different semiconductor materials, embedded nanowires, or other similar

concepts are often used [15–17]. In addition to the increased cost of the device,

the drawback of this is that a complex material provides interfaces near which

vacancies like to accumulate.

In this thesis, vacancy-type defects in three group IV semiconductors - Si, Ge, and

Si1−xGex - are studied using positron annihilation spectroscopy (PAS). This tech-

nique is based on detecting the radiation created by annihilating positron-electron

pairs. Positrons are able to get trapped into neutral or negative vacancy-type de-

fects and thanks to that PAS is a very sensitive tool for detecting and analyzing

such defects. Positrons can reveal information about the size, concentration,

charge state and even the chemical surroundings of vacancies [18].

The first two publications deal with vacancy-donor complexes in Si1−xGex. In

Publ. I, the evolution of E centers during isothermal annealing of P-doped

Si1−xGexwith three different Ge contents ranging from 10 to 30% is studied.

An Arrhenius-like model is used to determine activation energies for the process

and values around 1 eV are obtained. Publ. II is an investigation of the effects

of isochronal and isothermal annealing of E centers in Sb-doped Si1−xGex. In

this case, the Ge content is kept constant at 20% and the dopant concentration

is varied. The average amount of Ge atoms around the E centers is shown to

increase during the annealing and Ge clustering is detected in the lattice after

the anneal is over.

Even though Ge was the material used in the first ever transistor, it has been
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studied considerably less than silicon. In Publ. III, Ge is irradiated with protons

at a low temperature and then studied with an in situ annealing experiment uti-

lizing positron lifetime spectroscopy. Two different annealing stages are observed

at 100 K and at 200 K. The first one is attributed to the Frenkel pair and the

second to the monovacancy. Divacancies are found to be stable at room temper-

ature as their presence is confirmed in measurements performed after storing the

irradiated sample at room temperature in atmospheric pressure.

The other two publications in this thesis concentrate on silicon but from com-

pletely different viewpoints. In Publ. IV, the use of He implantation as a means

to control and limit B diffusion in Si is studied. Nanovoids generated by the

He implantation process are observed and interstitials created during a subse-

quent B implantation are found to get trapped in these defects. Publ. V deals

with a novel solar cell material consisting of Si nanocrystals embedded within

an SiO2 matrix. The nanocrystals are formed by annealing Si/SiO2 multilayers

at 1100◦C in N2. Interfaces between the nanocrystals and the SiO2 matrix are

studied with positrons and photoluminescence. Nanocrystal formation is found

to be optimized in samples with 2 nm thick Si layers.
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2. Semiconductor and defect physics

Despite their name, semiconductors are actually closer to insulators than metals

when their electronic properties are considered. Their energy band structure is

very complex but it is usually simplified into a model with two energy bands

– the valence and the conduction band – which are separated by a band gap

typically ranging from tenths of eVs up to a few eVs. At 0 K, the valence band

is completely filled and the conduction band empty, and thus the material is

insulating. However, at elevated temperatures some of the electrons are thermally

excited from the valence band into the conduction band where they can act as

charge carriers. The holes left in the valence band in place of these excited

electrons are also able to carry electric current.

Intrinsic semiconductors are typically not very useful in electronics industry due

to the fact that most of them are weakly conducting at room temperature. The

conductance, however, can be drastically improved by doping i.e. introducing

impurity atoms into the semiconductor. These impurities can either donate elec-

trons to the conduction band or accept them from the valence band. In n-type

doping, the amount of charge-carrying electrons is increased by adding impuri-

ties with an extra electron into the material. p-type doping, respectively, involves

adding impurities with one less electron. When it comes to group IV semicon-

ductors, n-type doping is typically achieved with group V elements such as P, As
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or Sb whereas B is the most common element for p-type doping.

Point defects such as vacancies or interstitials are crucial to the electronic prop-

erties of a semiconductor since they can act as compensating donors or acceptors,

and by doing so reduce the carrier concentration. This happens since these de-

fects are able to form new energy levels, which act as traps for either electrons or

holes, in the forbidden band gap.

In this Chapter, some basic principles of semiconductor defect physics, especially

from the point of view of group IV semiconductors, are discussed. More details

can be found in Refs. [6, 19–22].

2.1 Silicon and germanium

Silicon and germanium are the two elemental semiconductors belonging to group

IV in the periodic table of elements. Both of these materials have a cubic diamond

crystal structure where each atom is covalently bonded to its four neighbors.

Silicon has already been for decades and still is the most important semiconductor

material in electronics industry. It has been able to maintain the position thanks

to a few key properties such as a stable native oxide, a large band gap and last

but not the least, easy and cheap manufacturability [23, 24]. Diligent efforts in Si

research have paid off in tremendous computing speed increases as manufacturing

smaller and smaller chips has become possible.

Germanium was the material chosen for the first ever transistor but after silicon’s

emergence it has only had a small niche in semiconductor industry. During the

last decade or so germanium research has received more interest, though, since

we are starting to approach the physical limits of silicon in the never ending race

for more powerful microprocessors. Effective masses for both electrons and holes
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are lower in germanium than in silicon, leading to higher carrier mobilities. This

in turn means that it is possible to build more powerful devices by utilizing Ge

instead of Si. The drawbacks of Ge - high cost, poor processability and lack

of stable native oxide - are preventing its use in mainstream electronics but it

is utilized for example in radiation detectors as well as solar cells used in space

applications [25]. Building a modern field effect transistor (FET) entirely out of

Ge is a distinct goal for many research groups [5] but there are still obstacles to

be overcome in the post-growth stages of the device manufacturing process.

A compromise between germanium’s performance and silicon’s availability and

easiness of use is to utilize both as an alloy, silicon germanium (Si1−xGex). By

using Si1−xGex, it is possible to improve the performance of existing Si-based

electronics without having to resort to large-scale re-design [1]. Via adjustment

of the Si/Ge ratio of the material, it is possible to tune the band gap freely

between the values of pure Si and pure Ge. The band structure itself, however,

remains Si-like for Ge contents up to 85 % and helps with the integration into

Si-based systems. Even though the lattice constants of Si and Ge are quite close

to each other, the difference is enough to introduce strain in Si1−xGex lattices.

This strain changes the energy band structure by splitting the six conduction

band valleys of Si in energy and doing similarly for the top of the valence band by

separating the bands for heavy and light holes. These energy band changes further

improve carrier mobilities by decreasing scattering [26, 27]. Strained Si1−xGex

layers are used to improve carrier mobilities in high performance transistors [1,

3, 4]. Also, the realization of the 32 nm scaling node [28] was made possible

by strain and heterojunction engineering provided by Si1−xGex [29]. It is also

possible to grow relaxed Si1−xGex e.g. by utilizing buffer layers with increasing Ge

content. While relaxed Si1−xGex does not have the strain-induced carrier mobility

improvement, it still has its uses. It can for example be used for creating strained

Si on relaxed Si1−xGex -heterostructures and for achieving relaxed Si1−xGex-on-

insulator substrates [30].
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2.1.1 Novel solar cells based on Si nanocrystals

Silicon has been the mainstream material for solar cell industry since the discov-

ery of the Si-based photocell [31]. The Si solar cells have several advantageous

properties; they are easy to produce in masses, relatively cheap, can be used in

various applications, and Si is a non-toxic material. However, the energy con-

version efficiency is just approaching 25% for the very best commercial Si solar

cells, and the typical mainstream cells have efficiencies of around 15% [32]. The

classical theoretical limit for single Si solar cells, based on the energy spectrum

of the Sun and the band gap of Si, is not that great either: 31% [33]. Thus, the

most common procedure for producing very efficient solar cells is to use composite

structures consisting of layers made from different materials sensitive to different

wavelengths of sunlight [15, 16]. These multilayered solar cell structures are, how-

ever, very complex to produce and thus expensive which makes them unsuitable

for mainstream use. Since traditional energy sources such as coal and oil are grad-

ually running out and on top of that pollute the Earth’s atmosphere, researchers

are very eager to find ways to better harness the energy of the Sun. A promising

concept was discovered a couple of years ago when Klimov and his colleagues

discovered that silicon nanocrystals could convert a single photon into more than

one excitons [34]. A solar cell utilizing this property could be a workaround for

getting beyond silicon’s theoretical energy conversion efficiency without having

to resort to expensive materials. Promising candidates for such solar cells could

be SiO2 layers embedded with Si nanocrystals. Such layers have been prepared

and studied with several techniques [35–41]. The results have been promising so

far but there is still much work to be done before these solar cells can become

commercially available. The biggest problem is that the interface between the

nanocrystals and SiO2 tends to have carrier traps in it, thus decreasing the light

conversion efficiency.
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2.2 Point defects in elemental semiconductors

As the name suggests, point defects consist of various ”zero-dimensional” i.e.

non-extended defects present in the lattice. They can be categorized into three

different subgroups:

a) Vacancies e.g. atoms missing from regular lattice sites.

b) Interstitial defects in which an additional atom is located between regular

lattice sites. The atom can either be one of the host lattice species or an

impurity.

c) Substitutional defects in which an impurity occupies the lattice site of one of

the regular lattice atoms.

In addition to the simple forms described above, point-like defects can also be

found as larger complexes and clusters such as divacancies, vacancy-impurity

pairs and vacancy clusters.

Point defects can interact with others in various ways and these interactions can

be described with the following list of reactions [22]:

I + S � (S−I) or I + S � Si, (2.1)

V + S � (S−V ), (2.2)

I + (S−V ) � S, (2.3)

V + (S−I) � S or V + Si � S, (2.4)

I + V � 0. (2.5)

Here S refers to an impurity atom, V to a vacancy, I to an interstitial atom and

Si an impurity atom at an interstitial site. S−D refers to a complex consisting of

an impurity atom and a defect D (D = V or I).
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Figure 2.1. Ionization level positions of some common defects in the Si and

Ge band gaps. The values refer to the distance from the conduction band edge

EC , except when a value is marked with an asterisk in which case it refers to the

distance from the valence band edge EV . The exact positions of the vacancy-donor

defects depend on the donor atom type. The data is from Refs. [42–45].

Point defects are typically harmful in semiconductors since they are able to in-

troduce new energy levels into the forbidden band gap. These levels then act

as traps for carriers, thus reducing the active carrier density. Levels which trap

electrons from the conduction band are called acceptor levels and ones that trap

holes from the valence band donor levels. The defect levels are usually referred to

by the charge transition associated with them. For example, the single acceptor

level is referred to as (0/-) and the single donor level as (0/+). The charge states

of defects are determined by the position of the Fermi level EF . If EF moves up

(towards the conduction band), the defects become more negative and vice versa.

An energy level diagram of some of the most common defects in Si and Ge can

be found in Fig. 2.1.
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2.2.1 E centers

One of the most important point defects in group IV semiconductors is the E

center which is a complex consisting of a vacancy and a group V donor atom

(P, As or Sb). In addition to affecting the electrical properties of the material,

E centers have also been shown to influence impurity migration in Si [46, 47].

The electronic levels of E centers are shown in Fig. 2.1. In pure Si, two E center

-related energy levels have been found: an acceptor level at EC-0.45 eV [48–50]

and a donor level at EV +0.27 eV [42], where EC and EV are the conduction and

valence bands of the material, respectively. In Ge, the E center has two acceptor

levels and one donor level [51–53].

The recent interest in Si1−xGex as a material in semiconductor technology com-

bined with the importance of the E center has led to numerous studies focusing

on E centers in Si1−xGex [7, 54–58]. While these studies have contributed signifi-

cantly to the understanding of E centers in Si1−xGex the fundamental picture of

the defects is still lacking. Especially experimental documentation is insufficient

and the existing works are largely based on high temperature dopant redistri-

bution measurements which always involve the inevitable risks of modifying the

delicate Si1−xGex matrix itself.

The deep level transient spectroscopy studies of Monakhov et al. report on de-

fect characteristic electronic levels in n-type strained proton irradiated Si1−xGex

samples [7, 54]. Kringhøj et al. have contributed to the cause by showing the dis-

tance of the E center acceptor level to the conduction band edge to be the same

regardless of the Ge content in relaxed Si1−xGex [55]. In an earlier positron an-

nihilation study, the E center in Si1−xGex has been shown not to prefer Si or Ge

atoms as nearest neighbors after proton irradiation treatment [56]. However, an-

other positron annihilation study showed that annealing strained Si1−xGex layers

increases the average number of Ge atoms around the E centers and the subse-
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quently formed V -P-Ge complexes are by 0.1–0.2 eV more stable than the simple

V -P pairs [58]. In this thesis, the effect of annealing on E centers and their Ge

decoration is studied in P-doped (Publ.I) and Sb-doped (Publ. II) Si1−xGex.

2.3 Diffusion

In addition to directly influencing the electrical properties of semiconductors,

point defects often also have an indirect effect in the form of controlling impurity

(dopant) diffusion. While it is possible for an impurity to diffuse by simply ex-

changing places with a lattice atom (direct-exchange), the process is considerably

slower than indirect diffusion mediated by vacancies or interstitials. In vacancy-

mediated diffusion the impurity atom hops into a neighboring vacant lattice site.

If the vacancy and the impurity are attracted to each other, it is possible for

them to diffuse through the lattice as a pair. In interstitial-mediated diffusion,

the interstitial atom kicks an impurity atom from a lattice site into an interstitial

position. The kicked-out impurity can then proceed to diffuse as an interstitial

until it finally settles to a new lattice site by kicking another atom out of it into

an interstitial position [22, 59]. Like in vacancy-mediated diffusion, the impurity

can also diffuse through the lattice as a pair with the interstitial [60–62].

Diffusion of impurities depends largely on three quantities: temperature, impu-

rity concentration and the type of impurity atoms. Increasing the temperature

typically strengthens diffusion. Large impurity concentrations also improve diffu-

sion as the concentration gradient becomes larger. The type, or rather the size of

the impurity often dictates the diffusion mechanism. Small impurities may move

rather freely between the lattice atoms and thus prefer the interstitial mechanism.

Larger atoms on the other hand need more empty space to maneuver and thus

favor the vacancy mechanism. This is well displayed with the group V donors in

Si: P diffuses almost entirely via interstitials, As uses a mixture of vacancy- and
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interstitial-mediated diffusion and Sb diffuses via the vacancy mechanism [63, 64].

Dopant diffusion is not always a good thing for device industry. Uniform distri-

bution of dopants in a layer would be very hard to achieve without diffusion but

on the other hand preventing the dopants from escaping the target layer would

be far easier. A good example of the latter is p-type doping of Si layers with

B. During B implantation, Si interstitials are also formed. Since B diffusion is

mediated by interstitials in Si, these new interstitials enhance it and thus make

controlling the thickness of the doped layers very challenging. This enhanced

diffusion is called transient enhanced diffusion [60].

2.4 Defects introduced by processing of semiconductors

Point defects are always present in crystalline materials. However, in the case of

group IV semiconductors most of them are introduced during post-growth pro-

cessing stages such as doping. Because of this, making a semiconductor device is

balancing between improving the material properties with doping and degrading

them with the introduction of defects. For example, common processes such as

ion implantation and oxidization are known to generate vacancies and intersti-

tials. These defects are especially problematic in thin films required by modern

electronics since the best way to remove them – annealing at a high temperature

– also enhances impurity diffusion and thus broadens the impurity profile.

The very same ways of unwillingly introducing defects into semiconductor mate-

rials can also be used to produce well-defined defects for research purposes. In

Publ. III, Ge has been proton-irradiated at low temperatures in order to study

the generation and annealing of simple vacancy-type defects. Vacancies have a

low formation energy in Ge and may thus play a large role in both self- and impu-

rity diffusion [65]. They may also passivate dopants by forming E centers. Even
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though vacancies are very important for the electronic properties of Ge, especially

experimental studies on vacancies are very scarce, largely due to Ge being in sil-

icon’s shadow for decades. Even such a trivial-sounding concept as the stability

of a divacancy in room temperature has been a topic of controversy. Theoretical

calculations have suggested it to be stable [66] and it has been suggested to have

electronic levels in the upper half of the band gap at Ec − 0.29 eV [51, 67, 68].

However, experimental evidence has been lacking until now. Divacancies were

observed at room temperature in a recent positron annihilation study [69] and

again in Publ. III of this thesis.

Boron implantation is currently the most common way to produce shallow, heav-

ily p-type regions in Si. The demand for thinner and more heavily doped layers

has awakened new concerns in device manufacturers as the carrier concentration

is limited both by electrical deactivation of the dopants and their diffusion out

from the target layer. During B implantation, a high number of Si self-interstitials

and vacancies are formed. The Si interstitials are doubly harmful as B undergoes

transient enhanced diffusion via them [60, 70] and also forms boron-interstitial

clusters (BICs) with them [9, 10, 70, 71]. So far, there is no commercially suitable

technique to control these phenomena.

One promising technique to control B diffusion in crystalline Si – He implantation

– is studied in Publ. IV. Interstitials have been found to be suppressed by this

technique both in crystalline and in pre-amorphized Si [72–75]. The He implanta-

tion causes a large amount of vacancies to form at the projected range Rp of the

He ions. By subsequently annealing the material, it is possible to turn these va-

cancies into empty voids [76, 77] which act as sinks for the self-interstitials [78].

Unfortunately, in addition to this the voids can introduce deep levels into the

band gap which then act as recombination centers for carriers and lower the car-

rier concentrations [79]. Recently, another layer of smaller ”nanovoids” has been

discovered at approximately Rp/2, rekindling the interest in the He implantation

technique. These nanovoids have been suggested to cause significant reduction
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in B diffusion in the He implanted samples [73]. With the nanovoids, the detri-

mental effect of the deep void layer at Rp can be avoided since B never reaches

it. Positron annihilation studies of both self- and He-implanted Si have also con-

firmed the existence of vacancy clusters in the Rp/2 region but systematic studies

on the formation kinetics and the size of these nanovoids are yet to be carried

out.

2.5 Semiconductor defect characterization
methods

There are various methods for detecting and characterizing defects in semicon-

ductors. In this work, positron annihilation spectroscopy (PAS) is used for this

purpose. The strength of the method lies in the ability to selectively detect and

identify defects at various depths (depending on equipment) without destroying

the sample structure in the process. The detectable defect concentrations (from

1015 cm−3 to 1019 cm−3) fall nicely within the range of usual dopant concen-

trations in semiconductors. Temperature- and illumination-dependent measure-

ments are also possible. There are no specific requirements for samples other

than size for practicality purposes so insulating materials and even liquids can be

measured. The biggest drawback of PAS is that it requires elaborate equipment

and involves dealing with radioactive substances. Furthermore, it is only sensi-

tive to negatively charged or neutral defects involving open volume which limits

its use in some cases. The measurement times are also rather long unless very

strong positron sources are used so in situ process monitoring with positrons is

impossible or at least very hard to do. More details on PAS can be found in

Chapter 3.

When it comes to detecting defect-related deep levels in the band gap, the most

commonly used technique is deep level transient spectroscopy (DLTS) [80, 81].
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The method can only be used on p-n junctions or Schottky barrier diodes but for-

tunately the latter is easy to form by simply depositing a thin metal film at room

temperature over the studied semiconductor [81]. It is also possible to measure

real device structures with DLTS provided they meet the requirements [82]. The

technique is based on measuring the depletion capacitance of the space-charge

region in a p-n junction or a Schottky barrier diode. The depletion capacitance

changes in the presence of deep levels caused by various defects such as vacan-

cies, interstitials or defect complexes. In conventional DLTS, the capacitance

is measured while the temperature of the sample is varied slightly. Isothermal

measurements are possible with Laplace DLTS which is a high-resolution vari-

ant of the technique [83]. With DLTS, it is possible to determine the position

of the defect level in the band gap, defect concentration and thermal emission

properties of the defect. From the measurements it is also possible to obtain the

activation energy, concentration profile and carrier capture cross sections of the

defect(s) [81]. DLTS is sensitive to deep level concentrations about two orders of

magnitude less than the carrier concentration in the sample [84]. However, the

sensitivity of DLTS also involves a problem; the technique will not work if the

carrier concentration is too high and the sample is very conducting. Typically

samples with dopant concentrations higher than 1018 cm−3 are problematic from

this standpoint. Another drawback of DLTS is that it only provides informa-

tion on the position of the defect level relative to the band gap and thus direct

identification of the defect is often impossible [80]. A workaround to this is to

use DLTS in conjunction with another characterization technique such as PAS or

electron paramagnetic resonance (EPR).

EPR is another widely used technique for semiconductor defect studies [85]. It

has, for example, been successfully used in studying intrinsic defects in Si by

Watkins [6, 86]. In EPR measurements, an alternating magnetic field perpen-

dicular to the steady field is applied on the sample and microwave photons are

emitted into the sample at a constant frequency. The varying magnetic field
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causes magnetic dipole transitions between the Zeeman-split energy levels of the

studied object which can be a point defect, an ion, a molecule or some other

chemical species. When the incident photon energy corresponds to the energy

separation between the Zeeman-split levels, resonant absorption of the photons

is observed [20]. EPR is – like the name suggests – only sensitive to paramag-

netic objects and thus cannot usually be applied to defects with an even number

of electrons. Electrically active defects, however, often have at least one charge

state at deep levels in the band gap in which an odd number of localized electrons

with a net spin moment causes paramagnetism [87]. It is also possible to create

paramagnetic states by illumination [88]. Elements with many stable isotopes

– such as Ge – are problematic for EPR as paramagnetism is different for each

isotope. This leads to very complex spectra from which it is difficult (or often

impossible) to distinguish the defect signals. In the cases EPR can be applied, it

is very sensitive and can detect paramagnetic centers at concentrations as low as

108 cm−3.

Photoluminescence (PL) differs from DLTS and EPR considerably since it is an

optical technique. Like PAS and EPR, it is a nondestructive method and is thus

well-suited for device industry [84]. PL is based on the luminescence generated by

the radiative recombination of excess carriers in a semiconductor. These excess

carriers are usually produced by illuminating the sample with a laser beam. The

carriers can also be produced by a high-energy electron beam from e.g. a scanning

electron microscope. If electrons are used instead of light, the technique is called

cathodoluminescence (CL). The energies of the observed luminescence bands give

information about the defect energy levels and the intensities are related to defect

concentrations, albeit in a rather indirect way [84]. Both PL and CL are usually

performed at low temperatures due to the fact that at elevated temperatures

excess carriers tend to diffuse onto the surface and recombine there without light

emission. The luminescence techniques are both extremely sensitive and can in

optimal conditions detect even a single luminescent center in the sample [89].

19



Semiconductor and defect physics

X-ray diffraction (XRD) techniques are also commonly used for detecting defects

in semiconductors. They are nondestructive and require no sample preparation.

Furthermore, it is possible to probe the whole structure of a sample with an XRD

scan. These properties make X-ray -based techniques very attractive to device

industry. XRD techniques are limited by their low resolution (typically tens of nm

even for high-resolution variants) and thus are only applicable to materials with

low defect densities [90]. They are, however, very good for detecting extended

defects such as dislocation lines in manufactured devices. The main drawback for

all XRD techniques is that they require highly ordered crystalline samples and

measurement times are often very long (from hours up to days). Also, data from

reference samples are always needed for the interpretation of XRD results.

In addition to methods that are directly used to detect and identify defects,

there are some techniques that can be used as complementary tools for defect

characterization in semiconductors. Hall effect measurement is a simple way

for obtaining the carrier concentration, resistivity, carrier mobility and carrier

type. The presence of deep scattering centers can be revealed by reduced carrier

mobility in Hall measurement results. Spreading resistance profiling (SRP) can

be used to measure the resistance as a function of depth at the cost of very

complex sample preparation [80, 91]. Secondary ion mass spectroscopy (SIMS)

is a destructive method for quantitatively analyzing the dopant and impurity

profiles in a sample and is sensitive to dopant densities down to 1015 cm−3 [80, 91–

93]. In SIMS measurements sample material is removed by sputtering and then

analyzed with a mass analyzer. Naturally it cannot detect vacancies which have

no mass but it can provide information about them indirectly for example via

diffusion profiles and dopant accumulation.
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3. Positron annihilation spectroscopy

Positron annihilation spectroscopy (PAS) is a powerful tool for studying vacancy-

type defects in different materials [18, 94, 95]. The method is based on positrons

annihilating with electrons in the sample material and subsequent 511 keV anni-

hilation gamma photons being detected. A positron is able to probe the sample

very effectively for open volume defects such as vacancies with neutral or negative

net charge and gets trapped in such defects. PAS not only detects vacancy-type

defects but also gives information about their size, concentration, charge-state

and even chemical surroundings. Fast positrons obtained directly from a posi-

tron source can be used for bulk studies whereas slow positron beams are needed

in order to investigate thin structures such as semiconductor films. The positron

annihilation technique is commonly used for defect studies in two different modes.

Positron annihilation lifetime spectroscopy (PALS) is based on measuring time

differences between the emission of a positron from the source and its annihila-

tion within the sample. A positron trapped into a vacancy typically lives longer

than a free one, leading to an increase in positron lifetime. Positron Doppler

broadening spectroscopy on the other hand focuses on measuring the energies of

the annihilation photons and is very sensitive to the chemical surroundings of the

positron traps.
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3.1 Positrons in solids

Positrons can be easily obtained either as a product of radioactive β+ processes or

via pair production methods. The most commonly used positron source is 22Na

which decays into 22Ne via the β+ process and has a half-life of 2.6 years [18].

Simultaneously with the positron emission 22Na produces a characteristic gamma

photon of 1.274 MeV which can be used as a signal for the positron emission in

PALS.

When a positron enters a solid, it loses its momentum very rapidly and ther-

malizes within a few picoseconds [94–96]. After thermalization it diffuses for a

few hundreds of picoseconds before finding an electron and annihilating. If the

positron finds neutral or negatively-charged open volume during this diffusion,

it may get trapped. Since the local electron density is lower in open-volume de-

fects, the probability for the positron to annihilate at a given moment of time

decreases and thus its lifetime becomes longer than the bulk lifetime (the lifetime

of a positron in a defect-free lattice). The positron lifetime can be determined

e.g. by measuring the time difference between the detections of the character-

istic emission gamma photons from the positron source and one of the 511 keV

annihilation photons.

The annihilating positron-electron pair follows the law of momentum conserva-

tion. In practice this means that whatever momentum the pair (practically only

the electron since the positron is thermal) had during the moment of annihilation

is transferred to the two annihilation photons. The momentum is then seen as a

Doppler shift in the energy spectrum of the 511 keV annihilation line and also as

a small angular deviation between the emission directions of the two annihilation

photons. Since valence electrons typically have considerably lower momenta than

core electrons, the Doppler broadening spectrum gives information about the type

of the annihilating electrons. Core electrons are lacking and valence annihilation
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Figure 3.1. Positron lifetime spectrum of proton irradiated Ge measured at RT.

The lines are fits of the two positron lifetime components found in the experimen-

tal data.

dominates in vacancies, leading into a narrower annihilation line compared to

that of defect-free material. The high-momentum part of the spectrum comes

almost entirely from the core electrons of atoms near the vacancy and thus gives

information about the chemical surroundings of the defect.

Thorough reviews on the measurement techniques and the theory of positrons in

solids are available in Refs. [18, 94–96].

3.2 Positron lifetime spectroscopy

In positron lifetime measurements, the time differences of the positron emission

signal (typically a gamma photon emitted by the positron source simultaneously

with the positron; in the case of 22Na a 1.27 MeV photon) and one of the 511

keV annihilation photons are measured. These differences are then collected into

a histogram also known as the positron lifetime spectrum. An example of a
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typical lifetime spectrum is presented in Fig. 3.1. The raw spectrum is of the

form n(t) =
∑

i Ii exp(−t/τi) and is usually analyzed as a sum of exponentially

decaying components convoluted with the (typically) Gaussian resolution function

of the spectrometer. The indices i correspond to the different lifetime components

with lifetimes τi and intensities Ii.

Sometimes the decomposition of a spectrum into lifetime components fails due

to, for example, poor resolution of the spectrometer or two components being

too close to each other to be separated. Even in these cases, the data can be

evaluated with the help of the average positron lifetime which is of the form

τave =

N∑

i=1

Iiτi, (3.1)

when N separate lifetime components are present. The average lifetime coincides

with the center of mass of the lifetime spectrum and is thus independent of

the spectral decomposition. An average positron lifetime higher than that of

defect-free bulk (τB e.g. 218 ps for Si) is an indication of vacancy-type defects

in the material [94]. Due to the nature of τave, it is possible to reliably measure

changes as small as 1 ps. The average lifetime can also be used to determine

the vacancy concentration in the sample according to the conventional positron

trapping model [95], provided that the decomposition of the spectrum can be

performed. The vacancy concentration cD relates to the trapping rate κ obtained

from the trapping model according to

κ = μDcD, (3.2)

where μD is the trapping coefficient, roughly 1–2×1015 s−1 [18].

Positron states in the sample j can be described with a characteristic lifetimes

τj = 1/λj , where λj are the corresponding positron annihilation rates. If there

is only a single defect type with a specific lifetime τD present in the sample and

the trapping of positrons into these defects is not saturated, the decomposition

of the positron lifetime spectrum yields two components. As long as no trapped
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positrons escape the defects before annihilating, the longer measured positron

lifetime component τ2 = τD directly gives the positron lifetime in the defect

whereas the shorter component is the modified bulk lifetime τ1 = (τ−1
B + κ)−1.

The trapping rate κ derived from the kinetic trapping model is [95]

κ =
τave − τB
τD − τave

λB . (3.3)

In this thesis, all positron traps measured with lifetime spectroscopy are deep

enough for no detrapping to occur but in the case of shallow traps a different

trapping model must be used. More information on the trapping models can be

found in the appendix of Ref. [95].

3.3 Doppler broadening spectroscopy

In positron Doppler broadening measurements, the interest lies in the annihila-

tion photons and namely their energies. Thanks to the momentum distribution

of annihilating electrons, the nominal annihilation line at 511 keV is Doppler

broadened as shown in Fig. 3.2. Since the energy resolution of typical high pu-

rity Ge detectors used in positron Doppler broadening measurements is of the

same order of magnitude (1.3 keV at 511 keV) as the Doppler broadening of the

spectrum, using the exact energies of the annihilation photons makes no sense.

Thus, so-called annihilation lineshape parameters (S and W ) are used instead.

These parameters are defined as ratios of a certain area of the annihilation peak

to the total area of the peak. The S parameter describes the fraction of posi-

trons annihilating with low momentum electrons (near the center of the peak),

with approximately |pL| < 0.4 a.u. (|Eγ − 511 keV| < 0.75 keV), while W is

the fraction annihilating with electrons corresponding to the high momentum

”wings” of the 511 keV peak, with approximately 1.6 a.u. < |pL| < 2.4 a.u.

(2.9 keV < |Eγ − 511 keV| < 4.4 keV).
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In a vacancy, the amount of core electrons is reduced so generally an elevated

(lowered) S (W ) is a hint of vacancy-type defects in the sample. However, this is

not always the case as positron Doppler broadening spectroscopy is also sensitive

to the chemical surroundings of the annihilation site, which obviously makes

things more complicated. In most cases, though, the neighboring atoms mainly

influence the W parameter and S is left virtually unchanged.

Similarly to positron lifetime spectroscopy, the trapping rate is proportional to

the measured annihilation parameters:

κ =
S − SB

SD − S
λB =

W −WB

WD −W
λB , (3.4)

where the indices D and B correspond to the annihilation parameter values at

the defect and in defect-free bulk, respectively.

When one wants to focus on the chemical surroundings of vacancies or other pos-

itron traps, it is possible to perform the Doppler broadening measurements with

two detectors in coincidence mode. With this technique, the peak-to-background

ratio of the spectrum can be drastically improved – up to ∼106 (see Fig. 3.2). This

enables a more accurate measurement of high-momentum (core) electrons which

are characteristic for different elements [97]. In a coincidence Doppler broadening

measurement, the results are collected in a two-dimensional matrix. The conser-

vation of energy gives E1 + E2 = 2m0c
2 − Eb, where Eb is the binding energy of

the electron and positron in a solid, so the annihilation events are found on the

diagonal of the matrix. Due to the finite resolution of the system, only counts

where the sum of the photon energies is within 2 keV to 2m0c
2 are accepted to the

final 1D spectrum. By doing this, the resolution of the measurement system is

improved by a factor of ∼√
2. A resolution function for the measurement system

can easily be obtained from the other diagonal E1−E2 = constant, making direct

comparisons of experimental data and theoretical calculations possible [98].
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Figure 3.2. A two-dimensional Doppler spectrum obtained from a coincidence

measurement, and the conventional one-dimensional spectrum obtained from it.

Typical S and W parameter windows are also presented in the 1-D spectrum.
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3.4 Measurement setups

Positrons used in measurements are divided into two categories: fast and slow [18,

94, 95]. Fast positrons are those directly obtained from a positron source e.g. 22Na

and are thus easily available for measurements. However, they are only suitable

for measuring bulk samples as they would pass through a thin sample. When

measuring layers of a few microns or thinner, slow positrons moderated into a

monoenergetic beam are needed.

3.4.1 Fast positron measurements

The typical sample configuration for fast positron measurements consists of a

positron source sandwiched between two identical sample pieces [18]. This con-

figuration ensures that all positrons aside from those annihilating in the source

material end up in the sample. The stopping profile of fast positrons from β+-

active sources is exponential and depends on the source as well as the sample.

For the most commonly used positron source, 22Na, the maximum energy of the

positrons is Emax = 0.54 MeV [94]. This typically corresponds to a positron

mean stopping depth of 100 μm. For example, in Si the mean stopping depth

for positrons from a 22Na source is 110 μm [94]. Thus, fast positrons are best

suited for probing homogenous bulk samples with thicknesses of several hundreds

of micrometers and up.

With fast positrons, the usual measured quantity is positron lifetime since it gives

more information about the defects (size, concentration) than Doppler broaden-

ing. A typical positron lifetime spectrometer has two detectors consisting of a

fast scintillator and a photomultiplier tube. In a conventional analog setup, the

output pulses of the detectors are amplified and fed to constant fraction discrim-

inators which turn them into timing pulses. The timing pulses are then used by

a time-amplitude converter to produce pulses whose amplitudes are proportional

28



Positron annihilation spectroscopy

to the single positron lifetimes. These lifetime pulses are collected by a multi-

channel analyzer and stored into a positron lifetime spectrum. Nowadays, the

improved performance of analog-to-digital converters (ADCs) has made digital

positron lifetime measurements possible. In a digital setup, the only analog elec-

tronics remaining are the detectors whose signals are fed directly into a digitizer

card plugged into a computer. The detector output pulses are then digitized and

pulse shaping as well as timing are done by software. In this work, all the lifetime

measurements were performed with a digital setup.

A typical positron lifetime spectrum has 1–2 million counts. Prior to doing the

decomposition into lifetime components, contributions to the spectrum by an-

nihilations in the source material, the Al- or Ni-foil covering the source and as

positronium are subtracted from the spectrum. The source corrections are deter-

mined from a reference sample for which the exact positron lifetime is well-known.

One of the lifetime spectrometers used in this thesis was installed on the beamline

of a tandem Van de Graaff accelerator [99]. This, along with the He cryocooling

of the sample holder, made it possible to perform the in situ proton irradiation

experiments introduced in Publ. IV. Typically, positron lifetime spectrometers

are fitted with a sample holder with resistive heating and liquid He or N cooling

for controlling the sample temperature. Also, sometimes a high-resolution Ge

detector is used to perform a Doppler broadening measurement at the same time

a lifetime spectrum is collected.

3.4.2 Slow positron beams

When measuring samples or structures considerably thinner than the 100 μm

required by fast positrons, measurements need to be done with a slow positron

beam. In a slow positron beam, fast positrons are first moderated by a material

with a negative work function for positrons (often tungsten) [18]. The negative

work function means that positrons which thermalize within the moderator foil
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are spontaneously emitted from it. Unmoderated positrons are discarded and the

moderated ones are then accelerated in an electric field, resulting in a tunable-

energy beam of slow positrons. Typically, the acceleration voltages vary from

0.5 up to a few tens of kilovolts. In this thesis, beams with maximum positron

implantation energies of 35 keV and 25 keV were used.

Since the time taken by the moderation process is random for each positron, it

is no longer possible to use the characteristic emission gamma photons of the

positron source for obtaining positron lifetime information. Thus, only Doppler

broadening measurements are possible on a conventional slow positron beam. For

this purpose, one of the beams used in this thesis was fitted with two high-purity

Ge detectors and the other one with a single detector. In some measurements on

the dual-detector beam, the detectors were used in coincidence mode as described

in Sec. 3.3 to improve the peak-to-background ratio. In conventional measure-

ments performed on the dual-detector setup, counts from both detectors were

summed up in order to improve the counting rate and conventional S and W

parameters were used in determining the shape of the annihilation line [94]. Also

on the slow positron beams, the sample temperature could be controlled with a

closed-cycle He cryostat and resistive heating.

It is also possible to measure positron lifetime in thin samples but for this a

sophisticated pulsed positron lifetime beam is needed. In such a beam, the pulsing

at a fixed frequency allows for the determination of the lifetime start signal even

though the information of the original birth gamma is lost. More information on

positron lifetime beams can be found in Ref. [100] and references therein.
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4. The E center in silicon germanium

This chapter deals with the vacancy-group V donor pair, also known as the E

center, in Si1−xGex. The thermal evolution of V -P pairs in proton irradiated

Si1−xGexwith Ge contents ranging from 10 to 30% is studied in Publ. I. A similar

study but with varying dopant concentration instead of Ge content is performed

on Sb-doped Si0.8Ge0.2 in Publ. II.

4.1 Thermal evolution of the V -P pair in n-Si1−xGex

Relaxed epitaxial Si1−xGex layers (x= 0.1, 0.2, 0.3) in situ doped with 1018P/cm3

and grown by chemical vapor deposition on Czochralski-grown Si(100) substrates

as in Ref. [58] were measured with a slow positron beam. 2 MeV proton irradi-

ation at a fluence of 1.6 ×1015 cm−2 was used to produce a homogenous defect

distribution within the Si1−xGex layer. The fluence was chosen high enough to

produce saturated positron trapping into the generated V -P pairs.

In order to study the thermal evolution of these E centers, the samples were

annealed in vacuum at five different temperatures ranging from 250◦C up to

350◦C. The total annealing times were 287 hours at 250◦C, 76 hours at 275◦C, 46

hours at 300◦C and 4 hours at both 325 and 350◦C and the annealing procedure
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Figure 4.1. Measured (markers) and fitted (lines) S parameters from Si1−xGex

annealed at 250◦C. The starting points at 0 hours correspond to ”as-irradiated”

values associated with E centers.

was identical for all samples. Positron Doppler broadening measurements were

performed at room temperature between annealings and the obtained S and W

values were normalized to the respective values (SSiGe) of as-grown Si1−xGex

samples (e.g., the data from irradiated and annealed Si0.9Ge0.1 are scaled to

untreated Si0.9Ge0.1 and so on).

In Fig. 4.1, the behavior of the S parameter as a function of time is shown for

the sample annealed at 250◦C. The annealing trend is similar for all the samples

regardless of temperature; the S parameter stabilizes to a constant level (which

still differs considerably from the as-grown sample) after an initial decrease. The

decrease in S is an indication of the lattice recovering during the anneals but the

fact that the parameter stays above the as-grown value means that the lattice

never recovers to the state observed before the irradiation.

In order to get a better understanding of what happens to the E centers during

the annealing, coincidence Doppler broadening measurements were performed

on irradiated samples before and after annealing at 300◦C. The results of these

measurements are shown in Fig. 4.2. The data are normalized to the values from
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Figure 4.2. Coincidence Doppler broadening results from irradiated

Si1−xGexbefore and after the annealing treatment.

p-type silicon where no positron trapping into defects is observed. The intensity

at high momenta is considerably higher than in the Si reference sample, indicating

that there are Ge atoms around the annihilation sites. Prior to annealing, the

average number of Ge atoms per vacancy depends on the Ge content in the sample

and follows the expected statistics [56]. After the annealing, the Ge signal is

much stronger in all samples which clearly indicates that the average number of

Ge atoms is higher than after the irradiation.

The (S,W ) plots of the longest annealed samples in Fig. 4.3 show that values

obtained from Si0.8Ge0.2 and Si0.7Ge0.3 fall roughly on the line drawn between

the initial state after the irradiation and the as-grown state. The points from

Si0.9Ge0.1 however, are clearly above the line which suggests that the Ge decora-

tion of the annealing sites is higher than the ”random” Ge content would imply

after annealing. This, in combination with the observations from the coincidence
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Decreasing symbol size visualizes an increase in annealing temperature. Values

from each sample are scaled to the respective bulk

measurements, leads us to conclude that high-order V -P-Gen complexes with

n ≥ 2 are formed during the annealing regardless of Ge content provided the

content is high enough. The formation threshold for these complexes seems to lie

somewhere between 4 and 10% since they were not observed in Ref. [58]. The V -

P-Gen complexes eventually disappear over the course of the annealing, leaving

behind Ge-rich clusters which explain the difference between the end states after

the annealing and the as-grown state. Even though a positron has no preference

to Ge core electrons compared to those of Si, the larger size of the Ge atom makes

delocalized positrons overlap more with its electron cloud, thus making annihi-

lations with Ge electrons more probable. This makes it possible to see the Ge

clustering even without the presence of any positron traps.

A first order kinetic model was used to determine the annealing kinetics of the

defects. Activation energies EA of 1.5(2) eV for Si0.9Ge0.1, 1.3(2) eV for Si0.8Ge0.2

and 1.3(2) eV for Si0.7Ge0.3were obtained from Arrhenius plots drawn according
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Figure 4.4. Arrhenius plot for the annealing rate constant. The slope of the lines

fitted to the experimental data points is interpreted as the dissociation energy for

the diffusion of the E center in Si1−xGex. The insert shows a schematic rep-

resentation of the dissociation (Edis) and binding (EB) energies of the vacancy-

impurity pair.

to the model (shown in Fig. 4.4). These activation energies are attributed to the

dissociation of the vacancy-impurity complexes. The larger dissociation energy

in Si0.9Ge0.1 reflects the behavior seen in Fig. 4.3. Both can be explained with

the immediate vicinity of the defect being more different from the surrounding

lattice in Si0.9Ge0.1 than in Si0.8Ge0.2 or Si0.7Ge0.3. The binding energy of the

V -P pair was calculated to be 1.0(2) eV in Si0.75Ge0.25 by Chroneos et al. [101].

This value is in agreement with our result as it does not take into account the

potential barrier shown in the insert of Fig. 4.4.

4.2 V -Sb pair in Si0.8Ge0.2

Relaxed 4 μm Si0.8Ge0.2 layers doped with 2×1018 and 2×1019 Sb/cm3 were

measured with positron Doppler broadening spectroscopy. The layers were grown
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on p-type Si(001) substrates using molecular beam epitaxy. A graded SiGe buffer

was included between the substrate and the Si0.8Ge0.2 top layer in which the Ge

concentration was increased from 0 to 20% at a rate of 10% per micrometer. The

samples were irradiated with 1.8 MeV protons in order to create a homogenous

defect distribution within the Si0.8Ge0.2 layer. The proton fluence (1015 cm−2)

used in the irradiation was high enough to produce saturated positron trapping,

i.e. a defect concentration � 1018 cm−3, and the defects were identified as V -Sb

pairs (E centers) [58].

The evolution of the E centers was studied by annealing the samples both isochro-

nally and isothermally. In the isochronal annealing, the temperature was ramped

up in steps of 50 K, starting from 350 K, and the sample was kept at each tem-

perature for 30 minutes. The positron parameters were measured following each

step at room temperature. The final temperature for isochronal annealing was

800 K. Isothermal annealings were done at two temperatures; 450 and 600 K.

The annealing time steps were 60 minutes at 450 K and 30 minutes at 600 K.

Also in this case, positron parameters were measured between annealing steps.

The S and W parameter evolution during the isochronal annealing is shown as

a function of annealing temperature in Fig. 4.5. The defects start to anneal at

around 400 K and the annealing is slow until 600 K. Between 600 and 650 K

there is a very sharp drop in the S parameter indicating rapid annealing of the

defects. After this drop, the samples seem to reach a stable state. Interestingly,

this stable state – especially in the case of the W parameter (see Publ. II) –

clearly differs from that obtained from as-grown material.

The (S,W ) parameters from the isochronal experiment shown in Fig. 4.6 also

reveal the clear difference between the stable state reached after annealing and

the as-grown state. Since the difference is mainly in the W direction, a change

in the chemical surroundings of the annihilation site is a likely explanation. An

elevated W parameter such as the one in the sample with an Sb concentration of
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Figure 4.5. S parameter as a function of annealing temperature in samples

isochronally annealed at 30 minute steps. The values are scaled to those of as-

grown Si0.8Ge0.2. The typical error margin of the parameters is also included.

2 ×1018 cm−3 is characteristic for increased Ge decoration of the defects. In the

other sample, however, the W value is actually lower than that of the as-grown

sample, indicating that Sb also plays a role in the lattice evolution.

The isothermal experiment showed similar behavior to the isochronal one, with

the exception of both samples expressing higher W parameters to those of the

as-grown state after the annealing. This difference can be explained by more

positrons annihilating with Ge core (3d) electrons. The Ge decorated E centers

become unstable at high temperatures. Thus, the amount of these E centers was

higher in the isothermal experiment as it was performed at lower temperatures

than the isochronal one.

In Fig. 4.7, coincidence Doppler broadening results are shown for as-grown and

annealed samples along with theoretical calculations for V -Sb and V -Sb2 com-

plexes in silicon [102]. The effect of Ge decoration is clearly seen in the high

momentum region. The fact that the isochronal annealing has almost no effect in

this region in the sample with a lower amount of Sb and a large effect in the other
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Figure 4.6. S,W parameters measured in Si0.8Ge0.2 samples isochronally an-

nealed at 30 minute steps. Increasing symbol size emphasizes increasing annealing

temperature. The values have been scaled to those of as-grown Si0.8Ge0.2.

one suggests that Sb acts as a stabilizing agent for the E centers and prevents

them from finding Ge-rich areas in the sample. Another interesting feature is in

the low momentum part of the spectra from isochronally annealed samples; it is

very similar to the one from bulk Si, suggesting that the sample is in fact defect-

free after the annealing even though there are differences in the W parameter.

This is an indication of Ge clustering during the annealing – a phenomenon also

observed in Publ. I.

4.3 E center evolution - a comparison between Si and Si1−xGex

As a conclusion to this chapter, it is natural to wrap up the recent results from

phosphorus- and antimony-doped Si1−xGex with previous experiments done on

silicon [47]. In Fig. 4.8, schematics of E center evolution during isochronal an-

nealing of both Si and Si1−xGex are shown for P- and Sb-doped materials. The
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Figure 4.7. Coincidence Doppler broadening results from Si0.8Ge0.2 samples

along with theoretical calculations for V -Sb and V -Sb2 defects in Si. All values

have been scaled to those from bulk silicon. Samples 1 and 2 are as-irradiated ones

with 2×1018 Sb/cm−3 and 2×1019 Sb/cm−3, respectively. Samples 3 and 4 are

the same annealed isochronally at 800 K. Samples 5 and 6 have been isothermally

annealed for 3 hours at 550 K.

effects of each change of defect type on the positron parameters are also shown.

Silicon is the easier case of the two materials since the only possible change

regarding the E center is increased dopant atom decoration. In the case of P-

doping, the E center can accumulate up to two additional P atoms around it.

Each additional P atom lowers the positron S parameter slightly whereas W

stays more or less constant. In the case of Sb only the change from V -Sb into

V -Sb2 was observed with positrons. This occurs above 600 K and is seen mainly

as a considerable increase in W with S decreasing slightly. The third possible

group V dopant in Si – As – behaves analogously to P. Si:As is not discussed here

since in Si1−xGex it is impossible to distinguish between As and Ge atoms with
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Figure 4.8. Evolution of E centers in P- and Sb-doped Si and Si1−xGex as a

function of temperature in isochronal anneals. The highlighted areas show the

temperature ranges for observing the defects shown within each highlight. Along-

side each defect illustration, the evolution of positron parameters compared to the

previous step in the process is shown with arrows. The half-red, half-green atom

in the initial states indicates that in Si0.8Ge0.2 roughly half of the E centers have

at least one Ge atom as a nearest neighbor

coincidence Doppler broadening measurements due to the two elements having

similar core electron structures.

In Si1−xGex:P, the situation is slightly more complex due to Ge atoms being

also present in the lattice in addition to the dopants. The signature from Ge

3d electrons, though, is very strong when probed with positrons and thus it is
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relatively easy to distinguish it from that of the dopant atoms. More or less

all changes seen are due to Ge since P is very similar to Si with both having a

2p outer shell. The accumulation of Ge increases W and slightly lowers S. Ge

decoration is quite slow in Si1−xGex:P and complexes with more than one Ge

atom could only be seen after lengthy isothermal anneals.

Si1−xGex:Sb is the most complicated case presented here as both Ge and Sb have

very strong characteristic annihilation signatures. The effect of additional Ge is

similar to Si1−xGex:P and also here Ge decoration of more than one atom is only

seen after long isothermal anneals. There is one major difference though as the

effect of additional Ge atoms is not constant like in Si1−xGex:P as the second

one affects the positron parameters more. Sb atoms have a similar effect to the

parameters as Ge does but at a smaller magnitude. This can be explained by

looking at Fig. 4.7; only a part of the Sb peak falls within the typical W window

whereas the Ge effect contributes to W in its entirety. In our measurements,

additional Sb atoms could not be observed around the E centers but they were

regardless found to have an effect in the lattice evolution as shown in Publ. II.
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5. Ion implantation- and
irradiation-induced defects in
germanium and silicon

In this chapter, defects introduced by radiation damage are studied in germanium

and silicon. Proton irradiation at low temperatures and subsequent annealing

is used to investigate simple vacancies in Ge in Publ. III. The effect of He-

implantation in suppressing unwanted B diffusion in crystalline Si is studied in

Publ. IV.

5.1 Vacancies in Ge after proton irradiation at low temperatures
and subsequent annealing

In situ positron lifetime measurements were performed on weakly n-type doped

([Sb] ≈ 2×1014 cm−3) germanium after low temperature proton irradiation. The

irradiation was performed with 9-10 MeV protons with a projected range of ∼400

μm in Ge and the proton fluence was varied from 1×1012 cm−2 up to 3×1014 cm−2

in order to be able to monitor the defect production. A fluence of ∼1×1014 cm−2

was needed to see a detectable increase in the average positron lifetime which is

an indication of the presence of vacancies in the sample. A 10 MeV proton fluence

of this magnitude typically generates 200-800 primary defects per centimeter in a

semiconductor [99] which translates into a vacancy concentration of the order of
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400 μm

Figure 5.1. Schematic of the sample sandwich used in the measurements. The

positron source was placed between two sample pieces, one of which was ground

to ∼250 μm. The grinding was done to avoid positrons from reaching the end-

of-range voids in the inner sample piece. The irradiation damage is shown with

black dots and the dashed line is drawn to visualize the mean implantation depth

of the positrons

1016 cm−3. Most of the irradiations were performed at 35 K but some were done

at 100 K in order to be able to distinguish between different annealing stages.

The samples were mounted in a standard sandwich setup [94], with a 20 μCi

22Na positron source in between the two sample pieces. The outer sample piece

was mechanically ground to a thickness of ∼250 μm (see Fig. 5.1) in order to get

a homogeneous defect distribution within the positron implantation profile. By

doing this, it was possible to make the positrons avoid seeing the end-of-range

damage since the projected range of protons in Ge was around 150 μm into the

inner sample and the mean positron implantation depth in Ge is only 80 μm.

The measurements were performed with a digital fast-fast positron lifetime spec-
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Figure 5.2. Average positron lifetime as a function of annealing temperature in

Ge after proton irradiation at 35 K. The insert shows the average lifetimes at

room temperature after 14 and 28 days. All measurements except the ones in the

insert were done at 35 K.

trometer with a resolution of 260 ps. All measurements were done at 35 K with

30 minute annealing steps in the temperature range 35-300 K in between. Prior

to measurements, the samples were allowed to cool down for approximately 4

days in order to avoid unwanted background from the decay of some radioactive

As isotopes produced during the irradiation process.

In Fig. 5.2, the behavior of the average positron lifetime is shown during the

course of the annealing after proton irradiation at 35 K. The average lifetime

τave is approximately 245 ps directly after the irradiation and thus well above the

bulk value of 228 ps. Two distinct annealing steps can be seen in the figure: the

first one a drop of ∼6 ps in the temperature interval 110-160 K and the second

a similar increase in the interval 200-230 K. A spectral decomposition was not

possible until after the first annealing stage, indicating that there are more than
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Figure 5.3. Average positron lifetime as a function of annealing temperature in

Ge after proton irradiation at 100 K. All measurements were performed at 35 K.

one type of defects present in the sample following the irradiation. A successful

two component decomposition could be performed from ∼200 K upwards but

the defect lifetime component was evolving all the way up to room temperature,

making an unambiguous identification of the defect species impossible.

Since the annealing was still continuing at RT, we decided to measure the sample

a couple of times in atmospheric conditions after taking it out of the cryocooler.

After 14 days, the average lifetime had risen to 252 ps and after 28 days it

had finally stabilized at 268 ps. At that time, a successful decomposition of the

spectrum according to the standard trapping model [94] was possible and a defect

lifetime τ2 of 315 ps was obtained.

In order to make the decomposition of the positron lifetime spectrum possible

during the whole course of annealing and thus to be able to identify the positron

traps, another proton irradiation was performed at 100 K. The measurement

procedure was the same as for the sample irradiated at 35 K and the results can
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be found in Fig. 5.3. As expected, the first annealing stage is now absent and

τave stays more or less constant up to 200K where a slight increase is seen. The

decomposition of the spectra was possible now and a defect lifetime component

τ2 of 272 ps was obtained prior this annealing stage. After that, a continuous

increase in τ2 was observed.

The first annealing stage seen in samples irradiated at 35 K was attributed to

the annealing of the Frenkel pair. The annealing temperature of 100 K is slightly

higher than the ∼70 K obtained from DLTS experiments by Mesli et al. [103] but

this can be explained by the observation of the annealing kinetics being slower in

our case due to the several magnitudes higher concentration range. The absence

of this annealing stage from samples irradiated at 100 K further strengthens the

interpretation of it being attributed to the Frenkel pairs since they should no

longer be stable at irradiation temperatures higher than 80 K.

The second annealing stage at 200 K was present regardless of irradiation tem-

perature and was attributed to the annealing of the pure monovacancy. This

conclusion was made from the results of the 100 K irradiations. The obtained

defect lifetime component of 272 ps is clearly related to a defect of monovacancy

size [94] and since no impurities are present in high enough concentrations, a

vacancy-impurity complex can be ruled out. The standard trapping model [94]

was used to obtain a concentration of 1.3×1017 cm−3 for these monovacancies

prior to their anneal.

The continuous increases of both the defect lifetime τ2 and the average lifetime

τave after the second annealing stage show that not all the monovacancies are

annealing out but a considerable amount of them is combining into divacancies.

The calculated divacancy concentration after the 300 K annealing in Fig. 5.3 is

roughly 4×1016 cm−3 which means that approximately 60% of the vacancies form

divacancies. The obtained lifetime of 315 ps is slightly lower than the 330 ps from

previous positron measurements [69]. The cause of this difference might be due
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to a considerable fraction of the divacancies being negative in this study since the

overall divacancy concentration is much lower.

5.2 Vacancy clusters in He-implanted silicon

A slow positron beam was used at room temperature to measure Czochralski-

grown n-type Si (100) implanted with 80 keV helium ions (projected range

Rp ≈ 600 nm) at various fluences ranging from 5×1015 to 8×1016 cm−2. In addi-

tion to He-implantation, some of the samples were co-implanted with 12 keV B

ions (Rp ≈ 50 nm) at 5×1014 cm−2. All implantations were performed at room

temperature with ion fluxes of ∼1–2 μA/cm2. Three samples were measured as-

implanted and the rest were subjected to rapid thermal annealing at 800◦C for

10 minutes. The native oxide layer was etched off the sample surfaces with HF

prior to the measurements as it has been shown to skew positron results close to

the surface [58].

Figure 5.4 shows an example of the S parameter data from all the samples with

a He fluence of 3×1016 cm−2 and from the annealed samples with a fluence of

8×1016 cm−2. B co-implanted samples are also presented. The most prominent

feature in all the annealed samples is the high peak at positron implantation ener-

gies of 6–10 keV. This peak corresponds to the large voids at the Rp of He caused

by the implantation. The interesting feature, however, is the shoulder slightly to

the left of the peak (circled area in Fig. 5.4), at approximately 3–5 keV (or an

average positron stopping depth of ∼100–300 nm). This shoulder is an indication

of change in the positron diffusion length which means that an annihilation state

different from the surface and the end-of-range voids exists there. The S parame-

ter value of 1.06 times the Si substrate at the shoulder suggests ”nanovoid”defects

that are at least slightly larger than divacancies (SV2
= 1.05 × Sbulk [104]).
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Figure 5.4. The S parameter in the He-implanted samples with implantation flu-

ences of 3×1016 cm−2 and 8×1016 cm−2 (only in annealed samples) as a function

of positron implantation energy.

The boron-implanted and annealed samples are clearly different from the ones

without B. In these samples the peaks at Rp are smaller than in the samples

with only He-implantation which means that either the end-of-range defects are

smaller or their concentration is lower. The trapping in the nanovoid region at

3–5 keV is also different. The S parameter is close to the Si substrate value, sug-

gesting that there are very few positron-trapping defects in the region. This is

an indication of the nanovoids getting filled during the B-implantation. Since the

diffusion length of B at 800◦C for 10 min is only ∼140 nm in the case of interstitial

supersaturation, the B atoms cannot reach the nanovoid region. Thus, the atoms
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filling the nanovoids are self-interstitials created during the B-implantation. Pre-

viously obtained SIMS results, in which reduced diffusion of B has been observed

at Rp/2, and transmission electron microscopy (TEM) results that suggest the

presence of a nanovoid layer [73] are in good agreement with our results. The data

from as-implanted samples both with and without B shows that the precursors of

the nanovoids are already present and thus created during the He implantation.

Our results explain the mechanism in which He implantation creates approxi-

mately divacancy-sized defects at Rp/2 which then trap self-interstitials gener-

ated during the B-implantation. This leads to the reduction of B diffusion and

creates a box-like B-implantation profile, making He co-implantation a useful tool

for controlling B distribution in microelectronics applications.
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6. Si nanoparticle interfaces in Si/SiO2

solar cell materials

Interest in solar cells suitable for mainstream applications is growing all the time

as fossilized fuels are gradually running out and the attitude towards nuclear

power is trending towards negative among common people. In Publ. V, a novel

solar cell material consisting of Si nanocrystals embedded within an SiO2 matrix

is studied with positron annihilation spectroscopy and photoluminescence.

Multilayer structures consisting of 30 Si/SiO2 bilayers capped by an SiO2 layer

of 50 nm were deposited on p-type Si (100) substrates. The Si and SiO2 targets

were alternately sputtered in Ar gas at 3 mTorr. In the bilayers, the thickness

of each SiO2layer was 4 nm while Si layers of thicknesses of 1, 2 and 4 nm were

employed in the three samples named as the 1 nm, 2 nm and 4 nm samples,

respectively. Thus, the total thickness of the layer structure was either 200 nm,

230 nm or 290 nm. A pure SiO2 layer of 300 nm used as a reference was also

deposited on p-type Si substrate.

In order to form the Si nanocrystals, the samples were annealed in N2 at 1100◦C

for one hour. Then each annealed sample was cut into two pieces and one of

them was further annealed in 95% N2 + 5% H2 at 500◦C for one hour in order

to passivate defects [105–107]. Positron measurements were then performed on

all three types of samples (as-deposited, once annealed and twice annealed). All
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measurements were done with a slow positron beam in Doppler broadening mode

at room temperature. Photoluminescence measurements were also performed on

all samples. A continuous wave laser (Oxxius Violet) with a wavelength of 405 nm

and excitation power of 50 mW was used as the excitation source. The PL spectra

were measured at room temperature using a single monochromator (dispersion

0.8 nm/mm, resolution 0.008 nm) and a silicon photodiode. All spectra were

corrected for the spectral response of the detection system.

The positron measurements revealed two trap states within the annealed samples.

One of these states was attributed to the interface between the Si nanocrystals and

the SiO2 matrix and the other to the interface between SiO2 and the Si substrate.

Both states, along with the surface and the Si substrate states, are clearly visible

in all samples as the results plotted on the (S, W ) plane show in Fig. 6.1. The

actual positions of both states in the figure are quite different between the samples

with different Si layer thicknesses. Preliminary coincidence Doppler broadening

results show that one of the interface states falling within the SiO2 layer parameter

range is purely coincidental; the signal at high electron momenta looks completely

different between the two but the W parameter averages out to be roughly the

same in both.

The signal from the (SiO2/Si bulk) interface getting stronger as the Si layer

thickness increases can be explained with the Makhovian implantation profile

of slow positrons [109]. The profile is highly asymmetric and widens at high

positron implantation energies. This means that in samples where the (SiO2/Si

bulk) interface is located deeper (i.e. the ones with thicker Si layers) and is probed

with higher implantation energies, a larger fraction of the positrons reaches the

interface and annihilates there.

The behavior of the other interface signal (2) is more interesting. This signal is

the strongest in the 2 nm samples and considerably weaker in the other two. This

correlates nicely with the photoluminescence results shown in Fig. 6.2. The PL

52



Si nanoparticle interfaces in Si/SiO2 solar cell materials

1.8

1.6

1.4

1.2

1.0

W
/W

Si

1

4

3

2

 2/4 nm, 1100°C
 2/4 nm, 1100°C + 500°C

(SiO2/Si)
interface

Si bulk

SiO2 layer

1.8

1.6

1.4

1.2

1.0

1.000.980.960.940.920.90

1

3

4

2

1
2

3
(SiO2/Si)
interface

Si bulk

SiO2 layer

 1/4 nm, 1100°C
 1/4 nm, 1100°C + 500°C

1.8

1.6

1.4

1.2

1.0

1.000.980.960.940.920.90

S/SSi

3

2

4

1
3

 4/4 nm, 1100°C
 4/4 nm, 1100°C + 500°C

Si bulk

(SiO2/Si)
interface

SiO2 layer

Figure 6.1. Positron (S, W ) parameters measured in annealed samples with

three different Si layer thicknesses. The values are scaled to that of defect-free

bulk Si. The bulk Si point, SiO2 layer point and the (SiO2/Si bulk) interface

point from Ref. [108] are also shown. The four annihilation states: surface (1),

first interface (2), second interface (3) and Si substrate (4) are marked for each

sample. Both the solid lines connecting the three reference points and the dashed

lines connecting the annihilation states are drawn to guide the eye.

signal is by far the strongest in the 2 nm samples, distinguishable in the 4 nm

samples and nonexistent in the 1 nm ones. The conclusion from this is that the

nanocrystal formation is optimized in the 2 nm sample. Nanocrystals are formed

also in the 4 nm sample but the weak signal by both techniques shows that the
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Figure 6.2. Photoluminescence intensity as a function of wavelength for the

samples with 2 (top panel) and 4 (bottom panel) nm Si layers. The 1 nm samples

are not shown as they exhibit no PL at all.

amount of active nanoparticles is lower. On a quick glance at Fig. 6.1 it would

seem that the nanocrystal interface is seen by positrons also in the 1 nm sample

but with a closer look it can be observed that this interface is different from the

one seen in the 2 nm and 4 nm samples. This is best visible in Fig. 6.3 where

the positron S parameters are plotted as a function of implantation energy for all

three samples. The positron diffusion length changes considerably at ∼2 keV in

the 2 nm and 4 nm samples whereas this region is almost flat in the 1 nm sample.

Since there is no PL signal from the 1 nm sample, the likely explanation is that

no nanocrystals are formed during the annealing in this sample but some other

structural changes to which positrons are sensitive occur.

Results after the second annealing step at 500◦C involving H are also presented
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Figure 6.3. S parameters as a function of positron implantation energy for

samples with three different Si layer thicknesses annealed in N2 at 1100◦C . The

values have been scaled to that of defect-free bulk Si.

in Figs. 6.1 and 6.2. The increased PL intensity tells that H passivates the

nanocrystal interfaces and thus makes the nanocrystals optically more active.

This is also seen in the positron results as the S parameter at both interfacial

states decreases in all samples. This indicates the reduction of free volume which

is caused by H filling some of it. Thus, the annealing treatment for passivating

the interfaces with H was found to be successful.
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7. Summary

In this thesis, positron annihilation spectroscopy was used to investigate vacancy-

type defects in two group IV semiconductors: Si and Ge, and their alloy Si1−xGex.

Vacancies and other point defects typically form in semiconductor materials dur-

ing growth and various processing steps. Point defects are usually detrimental to

the electrical performance of the semiconductor since they are capable of creating

new energy levels within the band gap, which then trap charge carriers. In many

cases point defects also affect dopant diffusion and promote dopant clustering.

Due to the latter these defects have become even more crucial for the semicon-

ductor industry as the striving towards ever-smaller and more powerful devices

requires both very shallow and very heavily doped regions in the semiconductor.

Thus, a lot of effort has been put during the past decade towards understanding

the basic nature of point defects such as their formation and how they can be

removed efficiently without destroying the dopant profile in the process.

Positron measurements both in lifetime and Doppler broadening modes have been

used to characterize vacancy-type defects at the atomic level. Publs. I and II deal

with one of the most famous defects in group IV semiconductors – the vacancy-

donor complex or the E center as it is often called. In Publ. I, the behavior

of the V -P pair during isochronal annealing is studied in relaxed Si1−xGexwith

varying Ge contents. Ge decoration of the defects is observed during the course of
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annealing and the random Ge distribution is found to no longer be valid after the

treatment. Kinetics of the E center is also studied with the help of a first-order

kinetic model. As a result, activation energies of approximately 1 eV are obtained

for the dissociation of the V -P pairs. In Publ. II, the V -Sb pair is investigated

in relaxed Si0.8Ge0.2 samples with varying doping levels. Both isochronal and

isothermal annealing cycles are used in the experiments. The presence of Sb

is found to stabilize the E centers during the annealing. Accumulation of Ge

around the defects seen in Publ. I leading into Ge clustering is observed also

in this study. In addition to presenting the results from Sb-doped Si0.8Ge0.2, an

overview of different E centers and their behavior during isochronal annealing in

both Si and Si1−xGex is presented and discussed.

The vacancy in Germanium is studied in Publ. III with the help of low tempera-

ture proton irradiation followed by in situ positron lifetime measurements at 35

K. Two distinct annealing stages at 100 K and 200 K are observed. The first one

is attributed to the Frenkel pair and the second to the monovacancy. A positron

lifetime of 272 ps is obtained for the monovacancies. Divacancy formation is ob-

served after the monovacancies become mobile and the divacancies are shown to

be stable at room temperature, with a positron lifetime of ∼315 ps.

Beneficial effects of point defects are demonstrated in Publ. IV where divacancy-

sized ”nanovoids” created by He implantation are shown to successfully suppress

interstitials created during B implantation of Si. The nanovoid layer is seen at

approximately Rp/2 of He in He-implanted samples but is completely missing in

samples co-implanted with B. Thus, interstitials created during the B implan-

tation get trapped in the nanovoids. This confirms that He implantation is a

helpful method when producing sharp implantation profiles of B in Si.

Finally, a novel solar cell material consisting of Si nanoparticles embedded within

silica is studied with positron annihilation spectroscopy and photoluminescence

in Publ. V. Si/SiO2 multilayer structures with different Si layer thicknesses are
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annealed at 1100◦C in N2 in order to form the nanocrystals. Samples with 2 nm

thick Si layers are found to be optimal for nanocrystal formation by both tech-

niques. Additional annealing at 500◦C in 95% N2 + 5% H2 is performed in order

to passivate defects. PL signal intensity is found to increase considerably follow-

ing this anneal whereas a reduction in the positron S parameter is observed at

the interface traps, indicating that H reaches the interfaces during the annealing.
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