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Abstract

Electrical properties of semiconductor materials are greatly influenced by
point defects such as vacancies and interstitials. These defects are com-
mon and form during the growth and processing of the material. Positron
annihilation spectroscopy is a method suitable for detecting and studying
vacancy-type lattice defects. In this work, the formation, properties, and
annealing of vacancy defects is studied in silicon, silicon-germanium, and
germanium.

Defects consisting of a vacancy and one or several donor atoms are one of
the most common defects causing electron trapping and deactivation of n-
type doping in silicon and silicon-germanium. In this work, the studies in
silicon-germanium show that several germanium atoms accumulate around
the vacancy-phosphorus (V -P) pair during the annealing of the samples.
The increased Ge-decoration pulls the energy level (-/- -) down into the
band-gap and makes the V -P pair decorated by several Ge atoms an espe-
cially effective trap for conduction electrons. The positron trapping in a va-
cancy surrounded by three As atoms (V -As3) is studied in highly As-doped
Si. The positron detrapping from the V -As3 defect at high temperatures
is observed and a binding energy of 0.27(3) eV of a positron to the V -As3

complex is determined.

Defects can also be introduced deliberately by neutron-irradiation and ion-
implantation. These techniques offer possibilities for studying the gener-
ation and annealing of vacancy defects. In this work, neutron-irradiated
germanium is studied. Irradiation induced divacancy defects that are stable
at room temperature are observed. A negative charge state of a divacancy
is found to stabilize the defect even at 400◦C. The divacancy is shown to
form bigger clusters before the final recovery at 500◦C. Finally, B-doping
related problems are studied. The results show that He-implantation pro-
duces nanovoids that trap interstitials formed during the B-implantation,
reducing the implantation related damage. The positron studies on the
excimer laser annealed Si support theoretical calculations, which suggest
vacancy formation at the maximum melt depth.





Tiivistelmä

Pistevirheitä, kuten vakansseja (puuttuvia atomeja) ja välisija-atomeja syn-
tyy runsaasti puolijohdemateriaalin kasvatuksen ja prosessoinnin seurauk-
sena ja niillä on suuri vaikutus puolijohteiden sähköisiin ominaisuuksiin.
Positroniannihilaatiospektroskopia on menetelmä, jolla voidaan havaita ja
tutkia vakanssityyppisiä hilavirheitä. Tässä työssä on tutkittu vakanssivir-
heitä, niiden syntymistä, ominaisuuksia ja toipumista piissä, piigermaniu-
missa ja germaniumissa.

Virheet, jotka koostuvat vakanssista ja yhdestä tai useammasta donori-
atomista, ovat yleisimpiä varauksenkuljettajien määrää vähentävistä vir-
heistä n-tyyppisessä piissä ja piigermaniumissa. Tässä työssä on tutkittu
piigermaniumia ja osoitettu, että toivutuksissa vakanssi-fosforiparin (V -P)
ympärille kertyvät germaniumatomit aiheuttavat uuden energiatason (-/- -)
muodostumisen energia-aukkoon, mikä tekee germanium atomien ympä-
röimästä V -P-parista tehokkaamman elektroneja johtavuusvyöltä vangit-
sevan virheen. Voimakkaasti As-seostetussa piissä on puolestaan tutkittu
positronien loukkuuntumista kolmen As atomin ympäröimään vakanssivir-
heeseen (V -As3) ja havaittu positronin karkaaminen V -As3-virheestä kor-
keissa lämpötiloissa. Tulosten perusteella on määritetty positronin sidose-
nergiaksi V -As3-kompleksiin 0.27(3) eV.

Vakanssivirheitä voidaan tuottaa myös tarkoituksellisesti neutronisäteily-
tyksellä ja ioni-istutuksella. Nämä menetelmät tarjoavat mahdollisuuden
tutkia vakanssien muodostumista ja toipumista. Tässä työssä on tutkittu
neutronisäteilytettyä germaniumia ja havaittu säteilytyksessä syntyvän di-
vakanssi-virheitä, jotka ovat stabiileja huoneenlämpötiloissa ja joiden ne-
gatiivinen varaustila stabiloi virheen vielä 400◦C lämpötilassa. Lisäksi on
havaittu divakanssien muodostavan suurikokoisia ryppäitä ennen lopullista
toipumistaan 500◦C:ssa. Lopuksi on vielä tutkittu B-seostukseen liittyviä
ongelmia. Tulokset osoittavat He-säteilytyksen aiheuttavan näytteen pin-
nan läheisyyteen nanometriluokan aukkoja, jotka vangitsevat B-istutuksessa
syntyviä välisija-atomeja ja vähentävät näin implantoinnissa syntyviä vau-
rioita. Lisäksi positronituloksien perusteella on saatu vahvistusta lasken-
nallisille tuloksille, joiden mukaan laser-toivutus aiheuttaisi sulatetun ja
kiteisen piin rajapintaan booria loukkuunnuttavia vakansseja.
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Chapter 1

Introduction

The advances in modern electronics are based on constant research and de-
velopment of semiconductor materials. The qualities required from a good
semiconductor material include proper conductivity and carrier mobility,
long term stability and low price. Despite extensive research on various
other semiconductor materials most of the current technology is based on
one group IV semiconductor material, silicon. Silicon has a forbidden en-
ergy gap of 1.1 eV separating the electron-filled valence band and empty
conduction band at 0 K. Thus, pure silicon at very low temperatures is
an insulator and at room temperature a poor conductor. The combination
of easy availability and the existence of a stable oxide SiO2, that can be
used as an insulator and a passivation layer, has ensured the success of the
material [1].

Another group IV elemental semiconductor is germanium with an energy
gap of 0.66 eV at room temperature. The first transistor was made of
germanium in 1947 [2], but several supreme properties allowed silicon to
conquer the semiconductor market since then. Germanium has, however,
many useful qualities, which have led to an increased interest in using ger-
manium either as an alloy with silicon (Si1−xGex) or as a pure material.
The low effective masses of the charge carriers in germanium lead to high
carrier mobilities. In fact, the hole mobility in Ge is higher than in any of
the III-V compounds [1]. Germanium is also relatively easy to incorporate
into existing Si manufacturing processes due to the structural and chemical
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1 INTRODUCTION 2

similarities between the two group IV materials and the difference in the
band gap energies can be used to adjust the width of the band gap of the
two-component alloy [1]. Nowadays strained Si1−xGex layers are used to in-
crease electron and hole mobilities in high performance transistors [1, 3, 4].
The increased mobility is due to the strain caused by the lattice mismatch
between Si and Ge. However, the goal of several research groups is to in-
crease the carrier mobilities even further by building the transistor out of
pure germanium [5].

The conductivity of semiconductors is controlled by doping the material
with impurity atoms. These impurity atoms add charge carriers by donating
an electron to the conduction band (donors) or accepting an electron from
the valence band and creating a hole (acceptors). A semiconductor is called
n-type when electrons carry the charge and p-type when the current is
carried by moving holes.

The electrical properties of semiconductor materials are greatly influenced
by the existence of point defects, such as vacancies (missing atoms) and
vacancy impurity complexes. These defects are common and form during
the growth and processing of the material. However, they can also be in-
troduced in a controlled way by irradiation. Point defects can introduce
new energy levels into the forbidden band gap. These defect levels can trap
charge carriers and thus cause electrical deactivation in semiconductor ma-
terials. Removal of point defects can be done by annealing the material
at high temperatures, where the defects become mobile. However, the high
temperature processes also increase dopant diffusion, which is harmful when
trying to achieve very thin dopant regions and high dopant concentrations.

In n-type Si1−xGex the vacancy-donor complexes and divacancies cause elec-
trical deactivation by trapping charge carriers. With increased dopant con-
centrations that approach the solid solubility limits in modern transistors,
these defects form abundantly. Therefore, understanding of the formation,
the properties, and the annealing of these defects is very much needed. Va-
cancies also play a large role in the diffusion and accumulation of impurities.
Donor diffusion is either partly or almost completely vacancy mediated, de-
pending on the size of the dopant atom. Boron in Si diffuses interstitially
between regular lattice sites but accumulates to areas containing vacan-
cies [6]. Vacancies can also be used to trap harmful self interstitials that
cause increased boron diffusion.
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In this thesis, vacancy defects in group IV semiconductors, Si, Si1−xGex and
Ge are studied by positron annihilation spectroscopy (PAS). This method,
based on the detection of the positron-electron annihilation radiation, al-
lows the determination of vacancy size, chemical structure, charge state and
concentration [7–10].

First, the vacancy-donor complexes in n-type silicon and Si1−xGex are stud-
ied. In Publ. I, V -As3 defect complex, where the vacancy is surrounded
by three arsenic atoms, is investigated. Positron detrapping from V -As3

at high temperatures is observed and a binding energy of 0.27(3) eV of a
positron to the defect is determined. The results explain, why most of the
thermally generated vacancies cannot be observed with positrons in highly
As-doped Si. In Publ. II, the effect of the increase in the number of Ge
atoms around the vacancy-phosphorus (V -P) pair in relaxed phosphorus
doped and proton irradiated Si1−xGex is studied. The results show that
the increased number of Ge atoms around the V -P pair pulls the second
acceptor level (-/- -) down into the band-gap. This makes the Ge-decorated
V -P pair an especially effective trap for the conduction electrons.

Much of the properties of radiation induced defects, such as vacancies, in
germanium is still unknown. Positron lifetime spectroscopy is used in Publ.
III to study neutron irradiated n-type Ge. The formation of a divacancy
defect, that is stable at room temperature, is observed, and the negative
charge state of a divacancy is found to stabilize the defect even at 400◦C.
The divacancy is shown to form bigger clusters before the final annealing at
500◦C.

Finally, two different methods to control boron-implantation induced dam-
age is studied in Publs. IV and V. In Publ. IV, helium implantation is
studied as a means to control B diffusion in crystalline Si. A ”nanovoid”
region at 100–200 nm below the sample surface is observed and the in-
terstitials created during B-implantation are shown to get trapped in the
nanovoids. Thus, the He-implantation is a good tool for reducing the B
diffusion. In Publ. V, the positron measurements of excimer laser annealed
Si are used to confirm theoretical results that suggest vacancy accumulation
at the maximum melt depth during recrystallization followed by subsequent
laser pulses. The results offer explanation to the observed build-up in the
B concentration at the maximum melting depth.



Chapter 2

Semiconductor physics and

defects in semiconductors

In an intrinsic semiconductor at moderate or high temperatures, a fraction
of the electrons is thermally excited from the valence band to the conduc-
tion band. These electrons leave behind holes in the valence band and the
thermally excited electrons and holes carry electric current. The usefulness
of the semiconductor materials in modern electronics is, however, based on
the fact that the electrical properties of semiconductors can be altered by in-
troducing impurity atoms that can donate electrons to the conduction band
or accept them from the valence band. In n-type doping, the concentration
of charge carrier electrons is increased by adding impurity atoms with an
extra electron to the material. In the case of group IV semiconductors, this
is typically achieved with P, As, or Sb atoms. The atoms having one less
electron than group IV elements, such as B, are correspondingly acceptors
that make the material p-type by increasing the number of charge carrying
holes.

Point defects, such as vacancies and interstitials, have a large impact on
the electronic properties of the semiconducting material. Vacancies and
interstitials can act as compensating donors or acceptors in the material
and thus reduce the carrier concentration. This occurs since these defects
introduce new electrical levels into the band gap that can trap electrons or
holes depending on the defect in question.

4



2 SEMICONDUCTOR PHYSICS 5

Figure 2.1. Diamond crystal structure of Si and Ge.

In this Chapter, the basic principles of semiconductor defect physics are
discussed. More details can be found in Refs. [11–15].

2.1 Silicon and germanium

Silicon and germanium are the two elemental semiconductors belonging to
the group IV of the chemical table of elements. Thus, they both have
four electrons in their outermost electron shell. Both these semiconductor
materials have a cubic diamond crystal structure, shown in Fig. 2.1, where
each atom is covalently bonded by four bonds to its neighbors.

Silicon is by far the most popular semiconductor used in modern day in-
tegrated circuits. The continuing research and development of Si-based
materials has enabled the manufacturing of smaller and smaller field-effect
transistors (FETs) and thus allowed an increase in computing speed. The
”supreme” properties of silicon, compared to the other elemental semicon-
ductor, germanium, include a large band gap, stable oxide, and an extremely
low surface-state density [16, 17].
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The first transistor was made of germanium, though germanium has been in
the shadow of silicon for decades. However, germanium has a higher carrier
mobility due to the smaller effective mass of the electrons and holes, which
makes it an attractive alternative channel material for p-type metal-oxide-
semiconductor field effect transistor (PMOS).

Silicon-germanium (Si1−xGex) is a random alloy of Si and Ge. In high per-
formance transistors, strained Si1−xGex layers are used to increase electron
and hole mobilities [1, 3, 4]. Due to the similar structural and chemical
properties of Si and Ge, Si1−xGex is relatively easy to incorporate into ex-
isting Si manufacture processes [1]. The addition of Ge does not change
the basic character of the Si band structure with Ge concentrations under
85 %, but it reduces the band gap EG opening up possibilities for band gap
engineering. It also lowers the electron and hole effective masses increasing
the charge carrier mobility. The strain produced by the lattice mismatch
between Si and Ge also splits the six conduction band valleys of Si in en-
ergy and the top of the valence band is split so that the heavy and light
hole bands are separated in energy. These changes in the band structure
greatly reduce the number of scattering events and cause further increase
in the electron and hole mobilities [18, 19]. Relaxed Si1−xGex layers can
be achieved e.g. by growing a buffer layer with an increasing Ge content.
Relaxed Si1−xGex layers have multiple potential applications. They can
be used for creating strained Si on relaxed Si1−xGex heterostructures or
to achieve relaxed Si1−xGex-on-insulator substrates for integrating various
device structures [20].

Nowadays the goal of several research groups is to increase the carrier mo-
bilities even further by building the transistor out of pure germanium [5].
The use of germanium still has some problems. First, germanium is expen-
sive and harder to process than Si. Secondly, germanium very easily turns
amorphous during ion-implantation, a common process stage. Furthermore,
there are difficulties in activating high dopant concentrations in Ge. Above
a P concentration of 2×1019 cm−3, concentration-enhanced diffusion is ob-
served. The maximum concentration of substitutional P is reached at a con-
centration of (5−6)×1019 cm−3. This is well below the solid solubility limit
and can be due to the formation of electrically inactive V -P complexes [17].
Because Ge was not used in transistors after Si conquered the semiconductor
electronics market, not much research on the material properties of germa-
nium has been done. Especially the knowledge on the implantation related
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defects and their behavior during thermal processing is lacking.

2.2 Point defects in semiconductors

Point defects in elemental semiconductors can be divided into three groups:

a) Vacancies, in which an atom is missing from a regular lattice site.

b) Interstitial defects, in which an atom occupies the space between reg-
ular lattice sites. The interstitial atom can be of the same atomic
species as the lattice or it can be an impurity atom.

c) Substitutional impurity atoms.

These defects are point defects in contrast to dislocations that are one-
dimensional defects and to two or three dimensional defects such as surfaces,
grain boundaries and voids. The simple point defects can also form bigger
complexes and clusters. Thus, we have point-like defects such as divacancies,
where two vacancies are paired with each other, vacancy clusters, vacancy-
impurity or vacancy-interstitial complexes.

The point defects can react with each other through the following reac-
tions [15]:

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.

Point defects can introduce electronic levels in the band gap of the semi-
conductor material. These levels can trap electrons from the conduction
band (acceptor levels) or holes from the valence band (donor levels) which



2 SEMICONDUCTOR PHYSICS 8

Vacuum

E
V

E
V

E
CE

C

4.05 eV 4.00 eV

Silicon Germanium

E
G
 = 1.12 eV E

G
 = 0.66 eV

As/P/Sb

B

V-P
V-As
V-Sb

V-P
V-As
V-Sb

0 / -

0 / +
~0.27 eV*

~0.45 eV

V
2

0.23 eV

0.42 eV
0 / -

- / - -

As/P/Sb 

B/Ga 

0 / -

- / - -

V
2

0.29 eV

*The distance from the valence band edge.

Figure 2.2. The 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 in the case of the donor level (0/+) of the vacancy-

donor pair in Si, where the value 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. [21–23].

reduce the carrier density. A common way to refer to a particular defect
level is to state the charge transition that it corresponds to. Thus, a single
acceptor level is referred to as (0/-) and a single donor level as (0/+). As
the Fermi level EF moves upwards, the defects become more negative. Vice
versa, the defect charge states become more positive, when EF moves down
towards the valence band. Some common defect types and their ionization
level positions in the band gap of Si and Ge are presented in Fig. 2.2.

2.2.1 Vacancy-donor complexes

The miniaturization of the field-effect transistors (FETs) requires increased
dopant densities both in the source and drain areas as well as in the chan-
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nel [24]. At present, the dopant densities have reached as high as 1020 cm−3

and fundamental material problems have started to appear. In highly n-type
Si, the charge carrier concentration saturates to a value of ∼3×1020 cm−3

regardless of the dopant concentration [15]. This is due to the formation
of electrically passive vacancy-donor complexes that is governed by both
the thermodynamics and the kinetics during material growth and subse-
quent processing. In P-doped Ge, the limit of the electron concentration is
even lower, ∼1019 cm−3 which also might be a result from the formation of
vacancy-donor complexes [17]. These defects affect not only the electrical
properties of the material but also the migration of impurities and dopants.

Positron annihilation studies in highly As-, P-, and Sb-doped Si have verified
the formation of vacancy-donor defects V -Dn, n > 1 [25–27] and explained
their formation through kinetic processes [28]. PAS has also been used for
directly observing the formation of thermal vacancies in highly As- and
P-doped Si [29]. In Publ. I, positron annihilation studies in highly As-
doped Si are performed to understand why most of the thermally generated
vacancies cannot be observed with positrons in As-doped Si compared to
P-doped Si [29].

The defects in Si1−xGex resemble closely the ones in pure Si. The dominant
defect in both relaxed and strained proton irradiated P-doped Si1−xGex has
been shown to be the V -P pair, also called the E center [30, 31]. The
electronic levels of the E center in the band gap are shown in Fig. 2.2. The
E center in Si has a well-known acceptor level at EC − 0.45 eV [32–34] and
recently also a donor level has been found at 0.27 eV above the valence
band [21]. In Ge, two acceptor levels have been reported [35] making the
E center in Ge a more effective trap for conduction electrons. Due to the
increased interest in using Si1−xGex in semiconductor technology, the E
center has become the focus of numerous studies in Si1−xGex [30, 31, 36–
38]. However, the properties and the formation of this defect are still not
fully understood.

Monakhov et al. have performed deep level transient spectroscopy studies
in n-type strained proton irradiated Si1−xGex samples and report on defect
characteristic electronic levels [36, 37]. Kringhøj et al. have shown that
the distance of the E center acceptor level to the conduction band edge is
independent of the Ge content in relaxed Si1−xGex [38]. In previous positron
annihilation studies, the E center in Si1−xGex has been shown not to have
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any preference for Si or Ge atoms after proton irradiation [31]. However,
annealing strained Si1−xGex layers increases the number of Ge atoms around
the E center and the subsequently formed V -P-Ge complex is by 0.1–0.2 eV
more stable than the simple V -P pair [30]. In Publ. II, the effect of the
extra Ge atoms around the E center on the electronic properties of the
defect is studied.

2.2.2 Energetics of vacancy defects

Point defects are always present in real crystals since their presence can
lower the overall free energy, even though it increases the entropy. Intrinsic
defects, such as vacancies and interstitials, all have an equilibrium concen-
tration that is determined by basic thermodynamics.

The room temperature equilibrium concentration of thermal vacancies in
Si is low. However, greater concentrations of thermal vacancies form dur-
ing processes at high temperatures. Although these vacancies are originally
mobile (indeed, the processes at high temperature are often used to disso-
ciate defect complexes and remove vacancies) some thermal vacancies can
form stable complexes with impurity atoms during the cooling down. Ther-
mal vacancies mediate diffusion of impurity atoms causing the formation of
electrically passive defect complexes.

The equilibrium concentration of thermal vacancies in an impurity free ma-
terial at a temperature T is determined by

cV = e−Gf /kBT , (2.6)

where kB is the Boltzmann constant and Gf the Gibbs free energy of the
vacancy depending on the formation enthalpy Hf and the formation entropy
Sf as

Gf = Hf − TSf . (2.7)

In the presence of impurities, the vacancy formation next to an impurity
atom can reduce the formation energy by the amount of the binding energy
between the vacancy and the impurity atom. This must be taken into
account in the case of vacancy-impurity defects.

Measurements carried out in P-doped Si show an increase in positron life-
time that is due to thermal vacancies diffusing from the surface (where they
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form) into the bulk [29]. However, this effect is greatly reduced in heavily
As-doped Si. In fact, as explained above on the basis of Publ. I, most of the
thermally generated vacancies cannot be observed in positron annihilation
measurements [39].

2.3 Diffusion

Although dopant diffusion can occur by direct-exchange, where the neigh-
boring atoms simultaneously switch positions, the process is very slow com-
pared to indirect diffusion mediated by lattice defects, such as vacancies
and interstitials. In vacancy mediated diffusion, a dopant atom jumps to a
neighboring empty lattice site. If there is an attractive interaction between
the vacancy and the dopant atom, the vacancy and the dopant atom can
diffuse as a pair through the lattice. In the case of interstitial mediated
diffusion, the interstitial atom kicks the dopant atom from the lattice site
into the interstitial position. Afterwards the dopant atom may diffuse via
interstitial positions finally settling to a new lattice site by moving a lattice
atom to an interstitial position [15, 40]. An interstitial atom and a dopant
atom may also diffuse as a pair through the lattice [6, 41, 42].

Diffusion depends strongly on temperature, dopant concentration and im-
purity atoms. The different mechanisms are a result of the different sizes of
the dopant atomic species. In weakly P-doped Si, P diffuses almost totally
by interstitial mechanism, whereas in weakly As-doped Si both vacancies
and interstitials play a role. Sb diffusion in weakly Sb-doped Si, however,
is almost completely vacancy mediated [43, 44]. A well-known problem in
B-implantation is the formation of Si interstitials that enhance B diffusion.
With time and annealing the interstitials disappear and the B diffusion
saturates. This enhanced diffusion is called transient enhanced diffusion
(TED) [6].

In general, when the temperature increases, the diffusion gets stronger. In
highly n-type Si, the vacancy-donor pairs (V -D) become mobile around
450 K. Some of the V -D defects diffuse to the surface but others form V -
D2 defects, where the vacancy is surrounded by two donor atoms. At even
higher temperatures (650–700 K for As and P [28]), these V -D2 defects form
V -D3 complexes. However, in weakly doped materials kinetic processes limit
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the formation of vacancy-impurity clusters [28].

In Publ. I, phenomenon in which thermal vacancies form at the surface
of the sample and diffuse into the bulk is studied. The surface concen-
tration is approximated with the thermal equilibrium concentration from
Eq. (2.6). Hence, we have a one-dimensional problem and can write the
diffusion equation as

∂c

∂t
=

∂

∂x

(
D

∂c

∂x

)
, (2.8)

where c is the concentration of diffusing particles and D the diffusion con-
stant [13]. The diffusion constant is determined by the Arrhenius relation:

D = D0 exp(−ED/kBT ), (2.9)

where the activation energy ED is the sum of the vacancy formation and
migration enthalpies:

ED = Hf + Hm (2.10)

and the prefactor

D0 =
1

4
fca

2νA exp[(Sf + Sm)/kB]. (2.11)

Here, a geometric factor 1
4

takes into account the four directions in space
toward which a vacancy can jump, fc describes the correlation between
the subsequent jumps of the atoms, a is the lattice constant, νA the jump
attempt frequency of the atoms and Sm the migration entropy. For the
diamond lattice, fc = 1/2 [45]. The jump attempt frequency can be ap-
proximated as the Debye frequency 1013 s−1.

2.4 Semiconductor processing and defects

Making semiconductor devices is often balancing between doping and in-
troducing defects that cancel the effect of the dopant atoms. Some defects
form already during growth at high temperatures. A well-known problem
is that common process stages such as ion-implantation and oxidizing gen-
erate point defects such as vacancies and interstitials that could lead to the
formation of electrically inactive complexes. Defects can often be removed
by annealing the samples at high temperatures, where the defect complexes
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dissociate and the defects turn mobile. However, annealing also causes dif-
fusion of dopant atoms, which is undesirable when trying to achieve very
thin dopant regions and high dopant concentrations.

Defects can also be introduced deliberately by ion-implantation or irradi-
ation. Irradiation offers possibilities for studying the generation and an-
nealing of simple vacancy defects, as in Publ. III, where neutron irradiated
germanium is studied. Especially, very few irradiation induced defects have
been identified and studied in Ge, hence gaining knowledge on the forma-
tion, migration, and annealing properties of vacancy defects is very impor-
tant. The low formation energies of vacancy defects in germanium make
them suitable agents for self-diffusion and diffusion of impurities [46] and
can cause efficient deactivation of donors by the formation of vacancy-donor
defects. Theoretical calculations have suggested the presence of divacancies
at room temperature [47] and the divacancy has been suggested to have elec-
tronic levels in the upper half of the band gap at Ec − 0.29 eV [35, 48, 49].
However, there is still controversy whether the divacancy is stable at room
temperature due to the lack of direct experimental evidence. Positron life-
time spectroscopy is used in Publ. III for studying the thermal stability,
clustering, and annealing of divacancies in neutron irradiated n-type Ge.

Boron-implantation is the most common technique to selectively produce
shallow p-doped regions in Si. Smaller and more effective electronic com-
ponents demand higher and higher dopant densities and reduced junction
depths. The problem with ion-implantation is that it produces high con-
centrations of defects such as self-interstitials and vacancies that increase
the dopant diffusion and cause electrically inactive defect complexes. In
the presence of self-interstitials boron interacts with them and undergoes
transient-enhanced diffusion [6, 50]. The formation of boron-interstitial
complexes (BICs) leads to electrical deactivation [50–53]. So far, no suit-
able technique for commercial use has been found to control B-diffusion and
prevent the formation of BICs.

He-implantation is studied in Publ. IV as a means to control B diffusion
in crystalline Si. He-implantation has been found to suppress interstitials
in both crystalline and pre-amorphized Si [54–57]. By implanting a large
dose of He into the sample, a high amount of vacancies is formed at the pro-
jected range Rp. During subsequent annealing, these voids can be turned
into empty voids [58, 59] that act as sinks for the self-interstitials [60].
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The drawback of the method is that the voids can also hinder the perfor-
mance of the device by introducing deep levels into the band gap which
act as recombination centers for carriers [61]. The newly discovered layer
of small ”nanovoids” at approximately Rp/2 has created new interest in the
He-implantation technique. These nanovoids have been suggested to cause
a significant reduction in B diffusion in the He-implanted samples [55]. The
detrimental effect of the deep void layer can be avoided, since the B dopant
atoms never approach the Rp of He. Positron annihilation studies of self-
implanted and He-implanted Si have also confirmed the existence of vacancy
clusters, but systematic studies on the formation kinetics and the dimension
of the nanovoids is yet to be carried out.

Excimer laser annealing (ELA) is a tool for annealing implantation damage
in Si. In the ELA process, the damaged region in the sample is melted
and the subsequent recrystallization removes the defects caused by the im-
plantation. The treatment has obtained a renewed interest, since it enables
very shallow and abrupt dopant profiles that could be applied to sub-70 nm
technology.

Regardless of the implantation parameters and ELA conditions, a build-up
in the B concentration has been observed at the maximum melting depth
after multiple pulses of ELA. This pile-up increases with the number of
ELA pulses. As a possible explanation, a gradual build-up of vacancies has
been suggested [62]. In Publ. V, positron annihilation spectroscopy is used
for explaining the observed gradual build-up in the B concentration at the
maximum melt depth after multiple pulses of excimer laser annealing.

2.5 Semiconductor defect characterization

methods

In this work, positron annihilation spectroscopy is used to study properties
of vacancy-type defects. The strength of positron annihilation measure-
ments is the contactless nondestructive depth-dependent identification of
defects. The detectable concentration range from 1016 cm−3 to 1019 cm−3 is
ideal for technological purposes since the range corresponds to the typical
dopant densities in semiconductors. The measurements can also be done
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at various temperatures and ambient conditions. In fact, the method is
not even restricted to semiconductors and metals, but even polymers and
liquids can be studied. The drawback of positron spectroscopy is that it
requires elaborate equipment and is sensitive only to vacancy-type defects.
The positron measurements are also time-consuming, which makes them
unsuitable to be used for process monitoring. A more detailed description
of PAS is presented in Chapter 3.

Deep level transient spectroscopy (DLTS) is the most common method to
observe deep levels in the band gap that are associated with point defects
such as vacancies, interstitials or defect complexes [63]. DLTS is applied
to a p-n junction or a Schottky barrier diode that can be fabricated sim-
ply by the deposition of a metal film at room temperature over the studied
semiconductor material [64]. Also real device structures can be studied [65].
DLTS probes the space-charge region in a Schottky barrier or p-n junction
diode where carrier traps affect the depletion capacitance. DLTS allows the
determination of the position of the defect level in the band gap, defect con-
centration, and thermal emission properties of the defect. Furthermore, the
activation energy, concentration profile, and carrier capture cross sections
can be measured [64]. Trap densities of the order of 10−5 to 10−4 times the
dopant density can be detected [63]. The drawback of DLTS is that the exact
identification of the defects can be impossible [63]. However, comparison to
other experimental spectroscopies such as electron paramagnetic resonance
(EPR) or positron annihilation spectroscopy helps in identification of the
defects.

EPR is a well-established for studying defects in semiconductors [66]. The
magnetic resonance spectra contain detailed information on the symmetry
and the electronic and lattice structure of the defects. Only paramagnetic
defects can be observed, which means that the defects with an even num-
ber of electrons are usually undetectable. However, the electrically active
defects often have at least one charge state involving an odd number of
electrons with a net spin moment that causes paramagnetism [67]. In EPR
measurement, Zeeman-split energy levels are detected by causing magnetic-
dipole transitions between the levels by applying an alternating magnetic
field perpendicular to the steady field. Resonant absorption of microwave
frequency photons is observed when the photon energy corresponds to the
energy separation between the Zeeman-split levels [13]. EPR measurements
have a very good sensitivity and atomic concentrations as low as 10−9 can
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be detected. Famous examples of the usefulness of EPR are the studies of
the intrinsic defects in Si by Watkins [12, 68].

Hall-effect measurement is one of the simplest methods that allows the de-
termination of the carrier density, resistivity, mobility, and carrier type.
Spreading resistance profiling (SRP) is a more complicated tool that al-
lows the measurement of the resistance as a function of depth but requires
complex sample preparation [63]. These methods cannot be used for defect
identification but offer valuable information on the important properties of
the semiconductor materials that can be used together with other meth-
ods such as PAS or DLTS to gain an overall picture of defect behavior in
semiconductor materials.

Secondary ion mass spectroscopy (SIMS) is a destructive method, in which
the sample material is removed by sputtering and analyzed by a mass ana-
lyzer. It allows quantitative depth profiling of the sample used e.g. in de-
termining dopant distribution and the presence of impurities [63]. Dopant
densities as low as 1015 cm−3 can be detected [63]. Vacancies cannot be
observed with SIMS, but it can used to reveal diffusion profiles and dopant
accumulation that can be affected by vacancies.



Chapter 3

Positron annihilation

spectroscopy

Positron annihilation spectroscopy is a powerful method for studying va-
cancy type defects in materials. It gives information not only on the va-
cancy size but also on the concentration, charge state, and the chemical
surroundings of the vacancy. Positron annihilation spectroscopy is based
on the fact that the positron is the antiparticle of the electron and thus
will annihilate with an electron when introduced into matter. In a typical
annihilation event, two 511 keV gamma photons are emitted into almost op-
posite directions. In matter, positrons can get trapped into defects of open
volume, e.g. vacancies. In a vacancy, the electron density is lower causing
a detectable increase in the positron lifetime. In addition, information on
chemical surroundings of vacancy defects can be obtained by measuring the
Doppler-shift of the 511 keV annihilation line.

3.1 Positrons in solids

Positrons are easily obtained as a product of radioactive β+-decay processes.
A practical positron source is 22Na which emits a positron as it decays
into 22Ne with the half life of 2.6 a. Simultaneously with the positron, a
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1.27 MeV gamma photon is emitted making it possible to detect the birth
of the positron.

In a solid, the positron thermalizes rapidly and then diffuses for a few hun-
dred picoseconds. Before annihilating with an electron, the thermalized
positron may get trapped into negative or neutral vacancy defects. Due to
the reduced electron density in the vacancy, the positron lifetime increases
from the bulk lifetime (i.e. the lifetime in the perfect lattice). The lifetime
can be measured as the time difference between the 1.27 MeV photon and
the 511 keV annihilation photon. The positron lifetime distribution can
be used to identify vacancy-type defects and to give information on their
concentration.

Momentum is conserved in the annihilation, i.e. the momentum of the anni-
hilating electron-positron pair is transferred to the two annihilation photons.
The momentum of the thermalized positron is small, so that it is the elec-
tron momentum which causes a Doppler-shift in the 511 keV annihilation
line. The presence of a vacancy affects the local electron momentum distri-
bution. The trapping of positrons at vacancies leads to a narrower Doppler-
broadened momentum distribution of annihilating electron-positron pairs
compared to free positron annihilation in the lattice. The high-momentum
part of the momentum distribution is caused almost entirely by annihila-
tions with the core electrons of the surrounding atoms. Thus, the high
momentum distribution can be used to obtain information on the chemi-
cal surroundings of the vacancy, e.g. to distinguish between vacancies in
different sublattices.

Thorough reviews of the method and the theory of positron in solids can be
found in Refs. [7–10].

3.2 Positron lifetime spectroscopy

In a positron lifetime setup, the time difference between the 1.27 MeV pho-
ton (positron birth signal) and one of the 511 keV annihilation photons is
measured. Two examples of typical positron lifetime spectra are presented
in Fig. 3.1. The spectrum n(t) =

∑
i Ii exp(−t/τi) is analyzed as a sum of

exponentially decaying components convoluted with the Gaussian resolution
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Figure 3.1. Positron lifetime spectrum in defect-free bulk (blue dots) and

in the presence of vacancy defects (red triangles). The lines are fits to the

experimental data.

function of the spectrometer. The indices i correspond to the different life-
time components in the spectrum with individual lifetimes τi and intensities
Ii.

The average positron lifetime, when N lifetime components can be separated
from the lifetime spectrum, is

τave =
N∑

i=1

Iiτi. (3.1)

It coincides with the center of mass of the lifetime spectrum and is insen-
sitive to the decomposition. An increase in the average lifetime above the
bulk lifetime τB (e.g. 218 ps in Si) is a clear indication of vacancies being
present in the material [7]. Changes even as low as 1 ps can be reliably
measured. The concentration of vacancies cD can be determined from the
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average positron lifetime using the conventional positron trapping model.
The trapping rate κ of positrons to vacancies is proportional to the defect
concentration cD:

κ = µDcD, (3.2)

where µD is the trapping coefficient, about 1–2×1015 s−1 [9].

Each positron state j has a characteristic lifetime τj = 1/λj, where λj is the
corresponding positron annihilation rate. In the case of single defect type
with a specific lifetime τD and with no positrons escaping from the defects,
the longer positron lifetime component τ2 = τD gives directly the defect
lifetime, and the shorter lifetime component is the modified bulk lifetime
τ1 = (τ−1

B +κ)−1. The trapping rate derived from the kinetic trapping model
is [8]

κ =
τave − τB

τD − τave

λB. (3.3)

The lifetime components change if the positron binding energy to the trap
is so small that the positrons have a probability to escape (see Publ. I). In
the case of one defect type and detrapping, the lifetime components τ1 and
τ2 depend on the trapping parameters as [8]

1

τ1,2

=
1

2
{τ−1

B + τ−1
D + κ + δ

± [(τ−1
B + κ− τ−1

D − δ)2 + 4κδ)]
1
2}. (3.4)

Thus, the second lifetime component τ2 depends on κ and δ. The escape
rate δ at temperature T is given by [69]

δ = µD

(
2πm∗kBT

h2

)
exp

(
− Eb

kBT

)
, (3.5)

where Eb is the binding energy of the positron to the trap and m∗ is the
effective mass of the positron (m∗ ≈ m0, where m0 is the electron rest mass).
The intensities of the lifetime components in Eq. (3.1) are given by [8]

I1 =
λB − λ2

λ1 − λ2

=
τ1(τ2 − τB)

τB(τ2 − τ1)
, (3.6)

I2 =
λ1 − λB

λ1 − λ2

=
τ2(τB − τ1)

τB(τ2 − τ1)
. (3.7)
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Figure 3.2. Comparison between single-detector and coincidence modes.

The energy windows for the line-shape parameters S and W are also shown.

3.3 Doppler-broadening measurement

In the Doppler-broadening measurement, the exact energy of the annihila-
tion photons is detected. The electron momentum distribution results in
a Doppler broadened energy spectrum, an example of which is presented
in Fig. 3.2. Since the detector resolution (1.3 keV at 511 keV) is of the
same order of magnitude as the Doppler-broadening, the Doppler spectra
are conventionally characterized with the annihilation parameters S and W .
The S parameter describes the fraction of positrons annihilating with low
momentum electrons, with approximately |p| < 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. < |p| < 2.4 a.u. (2.9 keV < |Eγ − 511 keV| < 4.4 keV).
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In a vacancy, the positron has usually a higher probability of annihilating
with low momentum electrons and correspondingly a smaller probability
of annihilating with electrons of higher momenta. Thus, the vacancy is
often detected as an increase in the S parameter and a decrease in the W
parameter. However, the annihilation parameters are also sensitive to the
chemical environment of the vacancy which complicates the interpretation.

The trapping rate to a vacancy can be estimated from the annihilation
parameters in a similar way as in positron lifetime spectroscopy

κ =
S − SB

SD − S
λB =

W −WB

WD −W
λB, (3.8)

where the indices D and B correspond to the annihilation parameter values
at the defect and in a defect-free bulk, respectively.

The background of the Doppler spectra can be reduced by using two Ge
detectors and detecting both annihilation photons in a coincidence setup.
This improves the peak to background ratio up to a factor of ∼106 (see
Fig. 3.2) and allows an accurate measurement of the momentum distribu-
tion of the annihilating electrons at high momentum values [70]. The anni-
hilation events are collected in a two-dimensional matrix. The conservation
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 on the diag-
onal of the two-dimensional spectrum. 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. This improves the resolu-
tion of the measurement system by a factor of ∼√2. A resolution function
of the measurement system can be easily obtained from the other diagonal
E1 − E2 = constant, making it possible to directly compare experimental
data to theoretical calculations [71].

3.4 Measurement setups

Positron annihilation measurement setups can be divided into fast and slow
positron measurement setups depending on whether positrons are slowed
down in order to form a monoenergetic beam or not. Fast positrons are
easily available and do not require complicated equipment, but are only
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suitable for measuring bulk samples. Slow positron beams are needed for
measuring thin layers, typically a few microns thick.

3.4.1 Measurements using fast positrons

Typically in fast positron measurements, two identical sample pieces are
used and the positron source is placed between the samples. The stopping
profile of positrons from the β+ radiation is exponential. For the 22Na
source, the maximum energy of the positrons is Emax = 0.54 MeV. The
corresponding mean stopping depth of the positrons is, for example, in Si
110 µm. Thus, the fast positrons are best suited for probing homogenous
bulk samples with a thickness of several hundreds of micrometers.

The positron lifetime spectrometer has two detectors consisting of a fast
scintillator coupled to a photomultiplier tube. Traditionally in an analog
setup, constant fraction discriminators are used for obtaining the timing
pulses that are in turn fed into a time-to-amplitude converter. The pulses
are then collected into a lifetime spectrum by a multichannel analyzer.

A typical positron lifetime (or Doppler-broadening) spectrum has 1–2 mil-
lion counts. The annihilations of positrons in the source material, in the
Al- or Ni-foil covering the source and as positronium are determined by us-
ing a reference sample and subtracted from the lifetime spectra before the
decomposition of lifetime spectra.

The Doppler-broadening of the annihilation radiation can be measured si-
multaneously with the positron lifetime by using a high purity Ge detector.
The sample temperature during the measurement can be controlled with
resistive heating and either liquid-nitrogen or closed-cycle He cooling.

3.4.2 Slow positron beam

When a studied sample or layer in a sample is considerably thinner than a
few hundreds of micrometers required for the fast positron measurements,
slow positrons are needed. In a slow positron beam, a thin tungsten foil
with a negative positron work function is used for moderating positrons af-
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ter they are emitted from the source. Unmoderated positrons are discarded
and moderated positrons are accelerated in an electric field in order to cre-
ate a tunable-energy (0.5–38 keV) beam of slow positrons. In this work,
two Ge detectors were used to collect the radiation from the annihilation
events. In some measurements the detectors were used in coincidence mode
as described in Sec. 3.3. In other measurements, the spectra from the two
detectors were summed after scaling the spectra with the single detector res-
olutions, and conventional S and W parameters were used to describe the
shape of the Doppler-broadened annihilation line [7]. The sample tempera-
ture during measurements could be controlled by a closed-cycle He cryostat
and with resistive heating.



Chapter 4

Vacancy-donor complexes

related to n-type doping in

silicon and silicon-germanium

We show that the difficulties in observing thermally generated vacancies in
highly As-doped Si are due to escape of positrons from V -As3 defect com-
plexes in Publ. I. The positron Doppler-broadening techniques are used for
obtaining evidence on a second acceptor state of the V -P pair in Si1−xGex

in Publ. II.

4.1 Positron trapping kinetics in highly As-

doped silicon

Positron binding energies to vacancy-type defects in semiconductors are
typically of the order of ∼0.5 eV [72]. Thus, the traps are so deep that
positrons cannot escape by thermal excitations before the sample melts,
and positrons annihilate as trapped at the defect. Defects with a small
positron binding energy, from which the positron can detrap with phonon-
assistance, are called as shallow traps. Typical examples of shallow traps
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include dislocation lines in metals and Rydberg states around negative ions
in semiconductors. These shallow traps capture positrons at low tempera-
tures. In the case of vacancy-type defects the binding energies are larger but
in some cases low enough for positrons to escape above room temperature.

4.1.1 Thermal generation of vacancies

In order to directly observe the formation of thermal vacancies, we measured
the average positron lifetime in Si samples with strong As-doping as a func-
tion of measurement time above room temperature [39]. Our samples were
Czochralski-grown Si(111) bulk crystals doped with As to a concentration
of 1×1020 cm−3. The as-grown sample contained a small concentration of
∼1017 cm−3 of native V -As3 defects [73]. Before the measurements, the av-
erage positron lifetime in the as-grown sample was 226 ps, while the lifetime
in a defect-free lattice is 218 ps.

When the positron lifetime was measured in the as-grown sample at 700 K, it
had decreased to 220 ps from the value at room temperature. We performed
isothermal annealings at 700, 750 and 800 K and measured the average
positron lifetime in situ at the annealing temperatures. The results are
shown in Fig. 4.1.

The positron lifetime starts to increase already at 700 K. During the 180 h
annealing at 750 K, the average positron lifetime increases to a value of
224 ps. During the annealing at 800 K the average lifetime shows signs of
saturation to 225 ps. After the long annealing at 800 K and cooling down,
the positron lifetime was measured at room temperature. Interestingly, the
room temperature lifetime had increased to a value of 234 ps. This lifetime
is considerably longer than the one measured during the annealing at 800 K
and suggests that only a small number of vacancies trap positrons at high
temperatures.

The increase in the average positron lifetime during high-temperature an-
nealing has previously been observed in highly P-doped Si [29] and is due
to thermal vacancies diffusing from the surface, where they form, into the
bulk. However from Fig. 4.1, one can see that the average positron lifetime
in As-doped Si is smaller at 700 K than at room temperature suggesting
that only a small fraction (∼ 15 %) of vacancies can be observed with posi-
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Figure 4.1. Average positron lifetime in the as-grown Si([As]=1020 cm−3)
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the diffusion equation.

tron measurements at temperatures above 700 K. Despite the difficulties in
observing thermal vacancies at high temperatures, the resulting increase in
the room temperature positron lifetime indicates an increase in the vacancy
concentration from 4×1017 cm−3 in the as-grown sample to 1×1018 cm−3.
This shows that thermal vacancies form abundantly and form stable vacancy
impurity complexes during cooling down.
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4.1.2 Positron trapping at the V -As3 complex in sili-

con

To find out the reason for the difficulties in observing vacancies with pos-
itrons at high temperatures and to explain the increase in the positron
room temperature lifetime as a result of the annealings, we measured the
positron lifetime in the temperature range from 180 to 700 K. In addition to
the as-grown sample and the sample annealed at 800 K, we measured two
samples, which had previously been annealed at 900 and 920 K until thermal
equilibrium was achieved and then cooled down to room temperature, as
reported in Ref. [29]. The results are shown in Fig. 4.2. Due to the different
vacancy concentrations depending on the thermal histories of the different
samples, the room temperature values differ from each other. The average
positron lifetime behaves similarly in all samples. The lifetime remains
constant until 400 K where it starts to decrease. The decrease continues
until 700 K where it shows signs of saturation in the two samples with the
lowest vacancy concentrations (i.e. the as-grown sample and the sample
annealed at 800 K).

We decomposed the lifetime spectrum into two components and noted that
the longer lifetime component τ2 decreases in the two samples with smaller
vacancy concentrations. This can be explained by positrons detrapping from
the vacancies at high temperatures. The longer lifetime component does not
decrease in the two other samples. In the sample annealed at 900 K, the
longer lifetime component is constant, whereas in the other sample τ2 even
increases.

The Doppler-broadening of the annihilation radiation was measured simul-
taneously with the positron lifetime and the S and W parameters as a
function of temperature are presented in Fig. 4.3. The parameters have
been scaled to the bulk values of SB = 0.4296 and WB = 0.04229. At room
temperature, the S parameter is lower and the W parameter is higher than
the bulk value. This is due to the ten 3d electrons of each of the three
As atoms decorating the vacancy. These three atoms increase the relative
intensity of the core electron momentum distribution [26, 73]. When the
temperature is increased from room temperature, the S and W parameters
approach the bulk values. Thus, the signal from the As-atoms decreases.

We used the kinetic trapping model presented in section 3.2 to fit the av-
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Figure 4.2. The average positron lifetime and the longer lifetime compo-

nent as a function of measurement temperature. The lines have been fitted

to the average lifetime data using the kinetic trapping model and the lines

among the longer lifetime component data have been calculated from those

fits. The inset shows the longer lifetime component in the two samples with

the highest defect concentration.

erage lifetime data in Fig. 4.2. The fit gives a positron binding energy
of 0.27(3) eV to the trap and a defect concentrations of 4×1017 cm−3,
1×1018 cm−3, 5×1018 cm−3 and 5×1018 cm−3, for the untreated sample,
and the samples annealed at 800, 900 and 920 K, respectively. From the
fits to the lifetime data, the corresponding S and W parameter curves were
calculated. The calculated curves presented in 4.3 show that the Doppler
results are in good agreement with the lifetime data.
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Figure 4.3. Low momentum Doppler parameter S and the high momentum

Doppler parameter W as a function of measurement temperature. The pa-

rameters have been scaled to the bulk values. The lines are calculated from

the fits to the average lifetime data.

In the two samples that had been annealed at 900 and 920 K, and which thus
had the highest vacancy concentration (∼1019 cm−3), the longer lifetime
component does not show the decrease associated with detrapping. In these
samples, the vacancy concentration is approaching the limit where all the
As atoms are part of V -As3 complexes since the dopant concentration is
∼1020 cm−3. A V -As3 complex is formed from a diffusing V -As2 complex,
when it meets yet another As atom [28]. When the concentration of V -As3

defects increases, it is more and more likely that a diffusing V -As2 complex
meets a ready-made V -As3. The result is a defect where a divacancy is



4 VACANCY-DONOR COMPLEXES IN Si AND Si1−xGex 31

decorated by five As atoms, V2-As5.

V -As3 dominates at room temperature making it impossible to observe V2-
As5 complexes. As the temperature is increased and positrons escape from
the V -As3 complexes, the trapping into V2-As5 becomes visible in the higher
lifetime component. The positron lifetime in an undecorated Si divacancy
is 290 ps [74], so the characteristic lifetime of V2-As5 is likely to be close to
that value or slightly smaller due to the As-decoration. The concentration of
the divacancy-donor complexes is, however, small, so the overall trapping to
vacancies still decreases causing the decrease in the average positron lifetime.
In the V2-As5 complex, the S parameter is higher and W lower than in V -
As3 and hence the S parameter increases and the W parameter decreases
with increasing temperature more rapidly than what could be expected from
the lifetime data. The presence of the V2-As5 complex has been reported in
highly As-doped Si and studies have shown that the concentration of V2-As5

increases dramatically during annealings at 800◦C [26]. This is consistent
with the fact that the effect of V2-As5 is seen in the two samples with the
highest annealing temperatures and that the strongest effect can be seen in
the sample annealed the longest time at the highest temperature.

The results from the As-doped silicon are compared with the ones obtained
from P-doped material in Fig. 4.1. It is evident that the increase in positron
lifetime is much larger in P-doped silicon. This suggests that the positrons
do not escape from the V -P3 complex at these temperatures. In the As-
doped case, the positron detrap from V -As3 and the vacancies seen at high
temperatures are monovacancies decorated with only one or two As atoms
or divacancy type defects such as V2-As5.

4.2 The E center in silicon-germanium

The Si1−xGex samples studied in Publ. II were grown on Czochralski Si(100)
substrates, as in Ref. [31]. Relaxation of the Si1−xGex layer was achieved by
using a buffer layer with an increasing Ge content on top of the substrate.
Ge content in the epitaxially grown Si1−xGex layers varied between 10 %
and 30 % and the layer thickness was & 2 µm. The samples were of n-type
with a P concentration of 1018 cm−3. Irradiation with 2 MeV protons with
a fluence of 1.6×1015 cm−2 produced a homogeneous defect distribution and
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a V -P defect concentration &1018 cm−3. The effect of the irradiation has
been shown in Ref. [31].

The samples were annealed isothermally at 250 and 300◦C for 114 and 7 h,
respectively. Between the annealings, the Doppler parameters S and W
were measured. The behavior of the parameters was similar in all annealed
samples. The low momentum parameter S decreases as a function of an-
nealing time, while the high momentum parameter W initially increases and
then remains constant. The increase in the W parameter value signals in-
creased positron annihilation with high momentum electrons revealing that
the average number of Ge atoms around the E center increases during the
annealing. The continuing decrease in the S parameter suggests that some
of the defects recover during the annealing.

The positron trapping into negatively charged defects is dependent on the
measurement temperature, when the concentration of vacancy defects is be-
low the saturation trapping level. After the annealings at 250 and 300◦C,
we measured the Doppler-broadening as a function of temperature to see
whether the concentration of defects had fallen below the saturation level.
Figure 4.4 shows the low momentum parameter S as a function of mea-
surement temperature. The parameter values have not been scaled since a
simple reference value cannot be used for samples with different Ge contents.

The S parameter increases slightly with decreasing temperature down to
180 K in the annealed Si0.9Ge0.1 samples. Thus, the positron trapping is
no longer in saturation and some of the defects have recovered. The small
increase shows that the remaining defects are in a negative charge state. At
approximately 150 K, the S parameter decreases in all measured samples
suggesting a decrease in the open volume of the defects. The W parameter
remains constant indicating that the chemical surroundings of the positron
annihilation site does not change.

To find out the the reason for the observed decrease in the S parameter, co-
incidence Doppler-broadening measurements were performed both at room
temperature and at 100 K in the irradiated Si0.8Ge0.2 sample annealed at
250◦C. The results in Fig. 4.5 are shown with the data from the untreated
and irradiated samples measured at room temperature. The data have been
scaled to a p-type Si reference, where no positron trapping to defects has
been observed. At low momenta, the coincidence Doppler spectrum in the
as-grown sample resembles closely the Si reference due to the similarity of
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Figure 4.4. The low momentum parameter S as a function of measurement

temperature. The error bars in the Si0.7Ge0.3 samples are of the same size

as the markers. The solid curves have been drawn to guide the eye.

the valence electrons in Si and Ge. However, at higher momenta (p > 1 a.u.)
the 3d electrons of Ge increase the intensity relative to the Si reference.

The irradiation induced vacancies increase the intensity of the momentum
distribution at low momentum values (p < 0.4 a.u.). The reduced intensity
at high momentum values is due to the reduced overlap of the positron
wave function with core electrons. The peak at approximately 1.4 a.u. has
two possible explanations. The first explanation is that the overlap of the
positron wave function with the anisotropic electron momentum distribution
in the diamond structure is reduced [7, 28]. Another explanation rises from
the fact that the momentum of the positron localized at the vacancy is
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increased. This increase in the positron momentum causes widening of the
resolution function which causes the peak in question [75]. In both cases,
however, the peak is enhanced when the positron is better localized at the
vacancy.

Annealing at 250◦C results in an increase in the intensity of the momentum
distribution at high momentum values. This is due to the increased number
of Ge atoms around the V -P defect. Interestingly the intensity of the 1.4 a.u.
peak is enhanced in the momentum distribution measured at 100 K. This
indicates that the positron state is narrower and it is more localized in the
vacancy.

We interpret the S parameter decrease with decreasing temperature at
150 K as the inward relaxation of the E center. The fact that the W
parameter shows no change in the chemical surroundings of the vacancy
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supports this interpretation. Taking also the stronger localization of the
positron into the vacancy into account, we claim that the E center goes
through a transition to a more negative charge state at 150 K.

S parameter increases with decreasing temperature in the annealed samples
with 10 % of Ge and a P concentration of 1018 cm−3 in the interval of 200–
300 K. Thus, the vacancies are clearly in a negative charge state, and the
transition (0/-) [36, 38, 76] cannot be the one observed here. In pure Si,
the neutral E center relaxes inward when it captures an electron [77], but
energy levels above (0/-) have not been observed. However, introducing
Ge atoms at high concentration can change the situation, since in Ge [78]
and Ge-rich Si1−xGex [79] the acceptor level (-/- -) has been shown to exist.
Thus, when adding more and more Ge into Si1−xGex at some point the
(-/- -) level moves into the forbidden gap. Therefore, we interpret that the
step occurring in the positron Doppler parameters at 150 K corresponds to
the energy level (-/- -) of the E center. This transition was not observed
in Ref. [30], where the E center was decorated with one Ge atom only.
However, in our samples the V -P pair is surrounded by several Ge atoms.
Our result shows that in order for the second acceptor level to be pulled
down into the band gap, a local increase in the number of Ge atoms around
the E center is enough.

To conclude, the charge transition observed at 150 K corresponds to the
energy level (-/- -) of the E center. The decoration of the V -P pair by several
Ge atoms pulls down the (-/- -) level into the band gap. This conclusion
is supported by the higher annealing temperature compared to Ref. [30],
where it was shown that a neighboring Ge atoms stabilizes the E center
by 0.1–0.2 eV. Also the preliminary theoretical calculations support this
idea [80]. The existence of the second acceptor state makes the E center
decorated with several Ge atoms a more effective trap for the conduction
electrons than a simple V -P pair.



Chapter 5

Defects in silicon and

germanium caused by

post-growth processing

In this Chapter, neutron-irradiation and ion-implantation produced damage
is studied in germanium and silicon. The effect of neutron-irradiation and
annealing of n-type germanium is studied in Publ. III. He-implantation
is studied as a means to control B diffusion in crystalline Si in Publ. IV.
Finally, the generation of vacancies during eximer laser annealing (ELA) of
Si is investigated with positron Doppler-broadening technique in Publ. V.

5.1 Divacancy clustering in neutron-irradiated

germanium

Our measured Ge samples were n-type bulk crystals with (110) orientation
and a Sb concentration of 1.5×1015 cm−3. The samples were irradiated
with fast neutrons up to a fluence of approximately 1016 cm−2 and then
annealed at 200, 400 and 500◦C for 30 min. Since two identical samples
were not available, the measurements were performed by sandwiching the

36
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Figure 5.1. The average positron lifetime τave and the higher lifetime com-

ponent τ2 as a function of the measurement temperature.

22Na source between the studied sample and a reference bulk sample with a
positron lifetime of τB = 224 ps. The annihilations in the reference sample
were subtracted from the lifetime spectra along with the common source
corrections.

We measured the positron lifetime as a function of measurement tempera-
ture ranging from 35 K to 295 K. The results are shown in Fig. 5.1. After the
irradiation, before the annealings, the average positron lifetime τave = 293 ps
is clearly over the bulk lifetime proving that the irradiation produced va-
cancy defects. A longer lifetime component of 330 ps can be separated from
the spectrum that has no observable temperature dependence. The lifetime
of 330 ps is close to the calculated value of 316 ps for a Ge divacancy [81]
and clearly above the calculated value of 265 ps [81] and suggested experi-
mental values of 290, 292 and 278 ps [82–84] for a monovacancy. Thus, we
attribute the lifetime of 330 ps to the neutral Ge divacancy.
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Annealing at 200◦C resulted in an increase in the average positron lifetime.
This suggests that the divacancy defects become mobile and form bigger
clusters. This is backed up by the longer lifetime component of 430 ps
and the intensity of 68 % at room temperature corresponding to a positron
lifetime in a large vacancy cluster of about 10 missing atoms [85–87]. At
the same time, however, both the average positron lifetime and the longer
lifetime component show a decrease with decreasing temperature. This
suggests that some smaller defects, that are in a negative charge state,
remain and cause increased trapping of positrons at low temperatures.

The annealing treatment at 400◦C results in a decrease in the average pos-
itron lifetime signaling that the large vacancy clusters start to anneal. The
smaller negative defects are still visible and from the results a lifetime value
of 280–320 ps can be estimated. After annealing at 400◦C, the negative
charge state of the defect is also seen as an increase from 10 % at room
temperature to ∼45 % at 40 K in the intensity of the longer lifetime compo-
nent I2. The small defect is thus most likely a negatively charged divacancy.
Interestingly there are still negatively charged smaller vacancies left after
the annealing at 400◦C, even though the reported annealing temperature
for divacancies is lower [88]. Hence, we can conclude that as the crystal
recovers and neutral divacancies agglomerate into larger clusters, the sam-
ples gradually become n-type and at least a part of the divacancies turn
into a more negative charge state. Calculations by Janke et al. [47] indicate
that the negatively charged divacancy is more stable than the neutral one.
This gives a possible explanation for the persistence of negative divacancies
after the 200◦C anneal. Finally, annealing at 500◦C is enough to remove all
observed vacancy defects. From the results of the as-irradiated sample, a
concentration of divacancies of the order of 1×1017 cm−3 can be estimated,
so that it is clear that the divacancy is stable at room temperature.

5.2 Vacancy clusters in He-implanted silicon

We used a slow positron beam at room temperature to measure Czochralski
grown n-type Si (100) samples implanted with 80 keV He ions (projected
range Rp ≈ 600 nm) at fluences ranging from 5×1015 to 8×1016 cm−2. We
also measured two samples with a He fluence of 3×1016 cm−2 and implan-
tation energies of 50 and 110 keV. In addition to He-implantation, some
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of the samples were implanted with 12 keV B atoms (Rp ≈ 50 nm) at
5×1014 cm−2. The implantations were carried out at room temperature
with a flux of ∼1–2 µA/cm2. Except for three as-implanted samples, all
the samples were subjected to annealing for 10 min at 800◦C. Prior to the
measurements, the native oxide was removed by HF etching.

The effect of He-implantation energy to the S parameter data is shown in
Fig. 5.2. The most prominent feature in all data sets is the high peak at
Rp of the He atoms corresponding to the positron implantation energies of
6–10 keV. The position of the peak reflects the different projected ranges
of the samples. The interesting feature is the shoulder at approximately 3–
6 keV corresponding to a positron average stopping depth of ∼100–300 nm.
The shoulder indicates a change in the positron diffusion length and an
annihilation state different from the surface and the end-of-range defects.

Figure 5.3 shows an example of the S parameter data from the samples
with a He fluence of 3×1016 cm−2 and from the annealed sample with a
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fluence of 8×1016 cm−2. Both curves from the He-implanted and annealed
data show the same two features described earlier. The S parameter value
of 1.06 times the Si substrate suggests ”nanovoid” defects that are at least
slightly larger than divacancies (SV2 = 1.05× Sbulk [74]).

The boron-implanted and annealed samples show a different behavior. In
these samples the peaks at Rp are smaller than in the samples with only He-
implantation meaning that either the defects are smaller in size or that their
concentration is lower. The trapping in the nanovoid region at 3–5 keV is
different in these samples. The S parameter is close to the Si substrate value
suggesting that nanovoids do not trap positrons. This indicates that the
nanovoids are filled during the B-implantation. Since the B diffusion length
at 800◦C for 10 min is only ∼140 nm in the case of interstitial supersatura-
tion, the B atoms do not reach the nanovoid region. Thus, the atoms filling
the nanovoids are interstitials created during the B-implantation. These
results are in good agreement with previously obtained SIMS results, in
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which reduced diffusion of B has been observed at Rp/2, and TEM results
that suggest the presence of a nanovoid layer [55]. The measurements in the
as-implanted samples both with and without B show that the precursors of
the nanovoids are already present prior to the annealing. The nanovoids
get filled during the annealing at 800◦C following B-implantation.

Our results thus explain the mechanism by which the He-implantation cre-
ates traps for self-interstitials generated by B-implantation. This leads to
the reduction of B diffusion and creates a box-like shape of B-implanted
profile making He implantation a useful tool for controlling B distribution
in microelectronics applications.

5.3 Vacancy generation in ELA processing

of silicon

In Publ. V, we used positron annihilation spectroscopy to study vacancy-
type defects in B-doped Si samples after multiple (1–100) excimer laser
annealing (ELA) pulses. A Lambda Physic LPX 205 XeCl excimer laser
(λ = 308 nm, 28 ns pulse duration, and 6×6 mm2 spot) was used in the
multishot (1–100) regime to irradiate the samples. The thickness of the
melted layer was either 50 nm or 150 nm. The laser energy of 1030 mJ/cm2

was used for thinner samples and 1220 mJ/cm2 for the thicker ones excluding
a sample which was treated with an ELA energy of 1205 mJ/cm2. Prior to
the measurements, the native oxide was removed by HF etching.

Stochastic atomistic simulations in Publ. V suggest trapping of divacan-
cies in the recrystallized region. Continuum phase-field simulations of the
multishot process show that between two subsequent pulses, free vacancies
recombine with interstitials and at the surface. The subsequent pulse re-
moves residual vacancy clusters residing within the melted region. However,
the divacancy profiles extend well beyond the maximum melt depth due to
the fast diffusion of vacancies and thus the subsequent laser pulse is unable
to remove all the vacancies generated by the previous pulse. The vacancy
defects accumulate, pulse by pulse, just beyond the maximum melt depth
and finally reach a saturation concentration above 1016 cm−3.
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We used a slow positron beam to measure the Doppler-broadening of the an-
nihilation radiation at room temperature. The results are shown in Fig. 5.4.
The S parameter values in the melted near-surface region are above the bulk
value of 1, signaling the presence of vacancy defects. The value of the S
parameter in the laser-irradiated samples is definitively larger than in the
untreated samples. The effect is stronger in the samples with the 50 nm
melt depths. Fig. 5.4 shows the S parameter averaged over the melted layer
(in the range of 1–2 and 1–4 keV of the positron implantation energy for the
samples with 50 nm and 150 nm melt depths, respectively). The S parame-
ter increases with the number of laser pulses until saturation is reached after
approximately 10 pulses. This indicates that the total observed open vol-
ume increases with the number of pulses. However, the exact identification
of the vacancy defects is difficult due to the vicinity of the surface.

Our results confirm the presence of vacancies in the samples. The effect is
stronger in the samples with a thickness of 50 nm. The number of vacancies
in the samples with both thicknesses increases with the number of ELA
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pulses. The observed vacancy defects are present only in the melted layer,
with no changes deeper in the material. The positron implantation profile
broadens with increasing implantation energy [27]. Hence the weaker effect
in the samples with a melt of 150 nm could be caused either by a lower
total concentration of vacancy defects in the melted layer or by a peaked
concentration profile located at the maximum melt depth as predicted by
the calculations. Based on the 1 % increase in the S parameter during the
laser annealings, we estimate the vacancy concentration to be in the low
range of 1016 cm−3 in the melted layers, as also predicted by the simulation.
Hence the vacancies could be responsible for the B build-up observed in
Ref. [89].



Chapter 6

Summary

In this thesis, vacancy-type point defects were studied in group IV semicon-
ductors Si, Si1−xGex and Ge by positron annihilation spectroscopy. These
lattice defects form during the growth and processing of the material and
they greatly influence the electrical properties of the semiconductor ma-
terials by introducing defect levels in the band gap that trap charge car-
riers. Point defects also cause increased dopant diffusion and clustering.
The smaller and smaller transistors require high dopant densities and both
shallow and sharp dopant profiles, so the understanding the formation and
physical properties such as recovery during thermal annealing of harmful
defects is crucial.

In this work, both positron lifetime and Doppler-broadening of the 511 keV
annihilation line has been measured to characterize vacancy defects at the
atomic level. Firstly, the vacancy-donor complexes were studied in n-type
Si and Si1−xGex. In Publ. I, we explain why most of the V -As3 defects
cannot be observed during positron measurements at high temperatures by
showing that the positrons escape from the defects due to the low binding
energy to the V -As3 defect. The detrapping of positrons from the the V -
As3 complex explains why the increase in the average positron lifetime due
to thermal vacancies is smaller in As-doped Si than in P-doped Si at high
temperatures, in spite the similarity of the vacancy formation energies in
these two materials. In Publ. II, we investigate the effect of the increased
number of Ge atoms around the V -P pair in Si1−xGex and show that the

44
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decoration of the V -P pair with several Ge atoms pulls down the second
acceptor level (-/- -) down to the band-gap. This makes the Ge-decorated
V -P pair an especially effective trap for the conduction electrons.

Thermal stability, clustering and annealing of divacancies in Ge is studied
in Publ. III. The positron lifetime data shows that the divacancy in Ge is
stable well above room temperature. Negative charge state of divacancies
is found to stabilize the defects even at 400◦C and the divacancy is shown
to form bigger clusters before finally annealing at 500°C.

Finally, two methods to control and remove boron-implantation induced
damage is studied in Publs. IV and V. Our result from the He-implanted
Si confirms that the nanovoid region that forms close to the surface is re-
sponsible for diminishing the detrimental effect of B-implantation induced
damage. Thus, the He-implantation is shown to be a good tool for produc-
ing sharp B profiles. The positron Doppler-broadening experiments from
the Si samples subjected to multiple excimer laser pulses, show an accu-
mulation of vacancy defects over subsequent pulses confirming theoretical
predictions.
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