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1. Introduction

Semiconductors have had an increasing role in society ever since their

discovery. The research on semiconducting materials, started in the first

decades of the 20th century, have been fruitful with researchers striv-

ing towards smaller and more powerful devices. Today, mobile phones,

laptops, tablets and many other types of devices are available thanks to

the development of microprocessors. The growing number of transistors

placed on a small circuit board sets a growing demand on control of the

fabrication process. A very good knowledge on the properties of the semi-

conductor material is essential in order to solve the challenges faced by

the researchers today and in the future. These include the understanding

of the mechanical, optical and electrical properties of the semiconductor

as well as having knowledge of its thermal and chemical stability.

The mechanical and electrical properties of the semiconductors depends

largely on the crystal structure. Defects cause discontinuities in the or-

dered arrangement of the atoms. These discontinuities can be anything

from a single missing atom to voids, cracks or dislocations. Such distur-

bances in the atomic order have significant effects on the material proper-

ties. For example, doping GaSb with N results in a strong modification of

the conduction band. [1–4]. The doping of Si with P or C atoms introduces

strain in the lattice which in turn has a beneficial effect on the mobility of

the charge carriers. [5–7]

In this thesis defect structures are studied with positron annihilation

spectroscopy (PAS), which is a nondestructive method for studying the

size, concentration, charge state and chemical surroundings of vacan-

cies. Two different PAS techniques were used: Doppler broadening and

positron lifetime spectroscopy. In both of these techniques the annihila-

tion radiation emitted in the annihilation of the positron and the electron

is measured. Modeling of defect structures was done with density func-
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tional theory (DFT) calculations. DFT can be used to calculate various

positron related parameters for different defect structures, e.g. positron

lifetime and electron-positron momentum distributions.

The first two publications in this thesis deal with Si nanocrystals (SiNC)

embedded in SiO2. The low-toxicity, unique optical properties and abun-

dance of Si, makes these nanostructures an interesting candidate for e.g.

biomarking, light emitting diodes (LEDs) and sensing materials. The

photon multiplication effect and the possibility to adjust the absorption

edge of the SiNC are properties that could be useful in solar cell devices.

Doppler broadening spectroscopy and photoluminescene (PL) were used

for these studies. The results indicate that the interface between the

nanocrystal (NC) and the surrounding matrix acts as a strong trap for

positrons. Heat treatment in a dilute H2 atmosphere was shown to passi-

vate the dangling bond defects at the nanoparticle-matrix interface.

The third publication focuses on epitaxially grown Si:P films. Si:P films

with a high P concentration ([P]>1×1021cm−3) is suitable for source-drain

stressors in n-FinFETs [6,7]. It has been suggested that the cause for the

strain in Si:P is due to local Si3P4 clusters which do not contribute to the

conductivity. [8]. However, the existence of such local clusters has not

been proved neither experimentally nor theoretically. The calculated for-

mation enthalpy for Si3P4 cluster is too high to be overcome by the growth

temperature of the samples whereas the negative enthalpy of vacancy-

phosphorous complexes (V1−2-Pn) suggested that these complexes could

be present in the Si:P lattice. PAS measurements revealed that the dom-

inating defect in the as-grown layers is most likely a V-Pn complex. Al-

though the positron trapping to divacancy-sized complexes could not be

observed, their presence in the lattice was not ruled out.

The fourth publication deals with Czochralski-grown Ge samples. The

high charge carrier mobilities of Ge makes this material an important

candidate for various high performance components. Samples were doped

with high concentrations of As, P and Sb (≈1019cm−3). PAS measure-

ments revealed that the dominating trap type in all samples was a com-

plex consisting of a vacancy and three donor atoms. In the case of As and P

doped Ge all the positrons get trapped to complex centers, whereas in the

Sb doped Ge a large fraction of positrons do not get trapped to complexes

prior to annihilation.

In the fifth publication the native point defects in bulk GaSb is inves-

tigated with PAS. GaSb can be lattice matched with III-V compounds to

10
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form a substrate material for various optical communication devices. Un-

doped GaSb is always p-type irrespective of its growth method. By utiliz-

ing Doppler broadening and positron lifetime spectroscopies it is revealed

that while the dominating vacancy defect in GaSb is the gallium vacancy

(VGa), the major cause for the p-type conductivity stems from the gallium

antisite (GaSb) defects.

11
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2. Defects in semiconductors

Electric conductivity of semiconductors sets them somewhere between

an insulator and a metal. Looking at semiconductors from a theoretical

standpoint, their quite complex band structure can be simplified to consist

only of a conduction band and a valence band. At 0 K the valence band

of the intrinsic semiconductor is fully occupied and the conduction band

is empty. Thus, the semiconductor is insulating. Increasing the temper-

ature of the sample increases the thermal energy in the lattice and con-

sequently some of the electrons are excited to the conduction band, thus

forming electron-hole pairs, i.e. excitons. Intrinsic semiconductors are not

the most optimal materials to work with, thus dopant atoms are routinely

used for modifying the properties of the semiconductor. Addition of impu-

rities can change the conduction properties of the semiconductor by e.g.

modifying the gap width or introduce additional states within the gap. p-

type doping can be performed by an addition of elements from group III in

the periodic table to a material consisting of atoms that have four valence

electrons (e.g. Si). Conversely, n-doping in Si can be achieved by introduc-

ing dopant atoms with five valence electrons in their outermost shell into

the lattice.

2.1 Point defects in elemental semiconductors

A point defect is created when an atom is removed from its lattice site or

is moved to an irregular place in the lattice structure. Point defects can be

categorized into four subgroups: 1) A defect where an additional atom is at

the off-lattice site between the lattice atoms is called an interstitial defect.

An interstitial atom can either be from the host lattice (self-interstitial)

or an impurity (impurity interstitial). 2) A substitutional impurity atom

is an atom of different species than those in the host lattice that occupies

13



Defects in semiconductors

one of the lattice sites. 3) Vacancies are lattice sites where atoms are

simply missing. 4) Antisite defects can be observed in compounds where

an atom from sublattice A takes a lattice position in sublattice B. Point

defects can also form larger vacancy structures, e.g. divacancies, vacancy-

impurity complexes, larger clusters or voids.

The electrical properties of a semiconductor can be changed by point

defects. Introduction of these defects can add additional energy levels

in the band gap of a semiconductor. They can also act as compensating

centers for donors and acceptors, by reducing the carrier concentration of

the semiconductor, which in turn can degrade the performance of a device.

Defect levels are usually denoted in the band gap by the charge transition

level associated with the defect. For example singly and doubly negatively

charged acceptor levels are denoted by (1-/0) and (2-/1-) respectively. The

charge state of the defect is determined by the position of the Fermi level.

If the Fermi level moves up in the band gap, e.g. by doping or by a change

in temperature, vacancies become more negative. Conversely when the

Fermi level approaches the valence band vacancies become more positive.

2.2 Silicon and Germanium

Si as an elemental semiconductor has always gathered much more atten-

tion than Ge in the electronic industry. Si has some benefits compared to

Ge such as a larger band gap, a stable oxide and a very low surface state

density [9]. This makes silicon a much more preferable material to be

used in many applications. The strain induced by Ge when alloyed with

Si and the much higher charge carrier mobility of Ge were some of the fac-

tors that led to the invention of strained Si1−xGex heterostructures which

are now used in modern transistors [10–12]. Furthermore, transistors

built entirely out of Ge could allow for the fabrication of even faster com-

ponents [13]. In addition to advancements in conventional semiconductor

technology, research on nanoscale devices has taken leaps in recent years

paving way for new Ge-based applications such as hetero-bipolar tran-

sistors, high-mobility complementary metal-oxide-semiconductor devices

and mid-infrared photodetectors [14]. Due to the high research interest

towards Si, the study of the material properties of Ge has been limited,

hence studies on defects such as vacancies and vacancy-impurity com-

plexes are scarce. In Publ. IV highly doped Ge is studied with PAS. High

doping (109 cm−3) for these unique samples is achieved via diffusion.
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The E-center, a vacancy-donor-pair (V-D), is one of the most studied de-

fect types in elemental semiconductors. [15–20]. Among the reasons for

the high interest to study this defect are its role in charge carrier com-

pensation and dopant diffusion processes. [21] Understanding the basic

properties of the E-centers, such as diffusion and annealing mechanisms

are of fundamental and technological importance as these complexes are

stable above room temperature. In Si the annealing of these E-centers

occur at 413 K-473 K, depending on the dopant atom, while in Ge the an-

nealing temperature is 20-40 K lower [22]. Markevich et al. [23] utilized

deep level transient spectroscopy (DLTS), capacitance-voltage (C-V) and

current-voltage (I-V) techniques to study irradiated n-type oxygen lean

Ge crystals doped with either P, As, Sb or Bi (Nd=1013-1015 cm−3). They

argued that E-centers have three charge states in the band gap: double

negative, single negative and neutral, each having a different activation

energy for charge carrier emission depending on the impurity atom. Later

Nylandsted Larsen and Mesli [24] reported on a third energy level in Sb

doped irradiated Ge. According to Ref. [24], the (1+/0)- and (0/1-)-states

are located below mid gap at Ev+0.10 eV and Ev+0.30 eV respectively and

the (1-/2-)-state is in the upper half of the band-gap at Ec-0.30 eV.

Bulk Si has very poor optical properties due to the indirect band gap.

However, when the size of the Si crystal is in the nanometer scale, this

gap is direct. Thus, a strong quantum yield (QY) can be observed. [25]

Reported values for QY varied from 10-70%. (e.g. [26] and [27]). Unique

optical properties and low toxicity make nanocrystals (NC) a very inter-

esting material to be used in various applications. The possibility to use

SiNC in LEDs [28,29], in bio-labeling [30] and in sensing applications [31]

have yielded interesting results. Additionally, the insight gained from

nanocrystals is certainly beneficial in microelectronics as the scale of the

transistors is approaching the 10 nm node range.

2.3 Gallium antimonide

GaSb belongs to the III-V family of compound semiconductors. With a

narrow and direct band gap it is considered to be suitable for devices re-

quiring high mobility and high saturation velocity. In addition, its lattice

parameter of ∼6.1 Å makes it a good candidate to be used as a substrate

material for various compounds (see Ref. [32]). GaSb structures also have

potential to be used in booster cells that improve the efficiency of pho-
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tovoltaic devices [33]. Other potential application for GaSb is e.g. laser

diodes with low threshold voltages [34,35].

As-grown GaSb is unintentionally p-type irrespectively of growth tech-

nique or conditions. Earlier studies have suggested that the formation

of the acceptor can be related to VGa or GaSb. However, the origin of the

p-type conductivity of undoped GaSb is still under debate. In Publ. V

we have applied positron annihilation spectroscopy to study native point

defects and to identify the origin of p-type conductivity in bulk GaSb.

2.4 Diffusion

Diffusion of atoms in crystals can be divided into two main types: dif-

fusion through interstitial sites and through lattice sites. In interstitial

mediated diffusion the impurity atom can be dislodged from the lattice

site into an interstitial position. The atom can then diffuse as an inter-

stitial atom until a new lattice site is found [36,37]. In vacancy mediated

diffusion the impurity atom and a vacancy exhange positions. In substitu-

tional lattice diffusion atoms diffuse by exhanging lattice positions with

each other. This direct-exhange process is rather slow compared to the

indirect diffusion via vacancy defects or interstitials.

The size of the impurity atoms has a large role in dictating the diffu-

sion mechanism. Larger atoms need more space and favor diffusion via

vacancy defects. Smaller atoms can move between the lattice atoms and

prefer interstitial diffusion. It is also possible that a vacancy and an im-

purity atom diffuse through the lattice as a pair [17]. In Publ. IV it is

suggested that a ring diffusion mechanism is responsible for the formation

of vacancy-dopant complexes. In ring diffusion the electrostatic attraction

keeps the complex together and allows the vacancy to move along the ring

of the host atoms.
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3. Positron annihilation spectroscopy

Positron annihilation spectroscopy is well suited for studying point de-

fects in solids. The method is based on the implantation of positrons in

the target material and the detection of the 511 keV γ quanta produced in

the annihilation of positrons with electrons. Positrons, as positive parti-

cles, are sensitive to negatively charged and neutral vacancy defects. With

PAS one is able to get information on the size of the vacancy defects, their

concentration in the sample, charge states and the chemical surroundings

around the defect. Positron annihilation spectroscopy is commonly used

in two different modes in defect studies: Positron annihilation lifetime

spectroscopy and Doppler broadening spectroscopy. In lifetime measure-

ments the time difference between one of the two 511 keV photons and

the 1.27 MeV photon emitted together with the positron in the β-decay of
22Na is measured. The positron lifetime in the defect free lattice is shorter

than in the vacancy, where the electron density is reduced. Doppler broad-

ening measures the momentum distribution of the annihilating positron-

electron pair by measuring the energies of the annihilation photons and

is suitable for probing the chemical surroundings of the vacancy defects.

3.1 Positrons in solids

Positrons can be produced in several ways. In large scale facilities high in-

tensity sources are used in nuclear reactors or particle accelerators. These

sources, based on the pair production process, yield up to 1012 positrons

per second. More common laboratory-scale sources use radioactive 22Na

isotopes with more modest positron yields of 109 positrons per second and

with a half-life of 2.6 years.

The positron loses its energy rapidly in condensed matter reaching ther-

mal energies in a few picoseconds [38,39]. After thermalization the positron
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is in a Bloch like delocalized state in a periodic lattice. When the positron

is trapped to e.g. a vacancy defect it will transfer its energy and momen-

tum to the crystal lattice. The positron trapping rate κ describes how fast

positrons are trapped to a defect (D)

κ = μDcD. (3.1)

Here, μD is the trapping coefficient (1015-1016s−1 at room temperature

(RT)) [39]. The trapping coefficient depends on the defect and the host

lattice. For positively charged traps the coefficient is small due to the

Coulombic repulsion, thus positron trapping to positively charged vacan-

cies is not observed. For negative vacancies the trapping coefficient is

temperature dependent. At low temperatures 30-80 K the trapping coeffi-

cient has a T−1/2 dependence, due to phonon scattering. At temperatures

100-300 K the temperature dependence of the coefficient is much stronger

(T−1.2) due to positron trapping through shallow Rydberg-like states [39].

The trapping coefficient for neutral traps is temperature independent. If

the open volume of the negatively charged vacancy trap is increased by

e.g. removing an additional atom adjacent to the vacant lattice site, the

trapping efficiency of the vacancy defect and the lifetime of the trapped

positron increases. Negatively charged non-open volume defects, such as

acceptor impurities, can trap positrons at shallow Rydberg-like states.

The annihilation signal from these defects is similar to the defect-free

lattice, due to the wide spatial extent of the positron wave function.

3.2 Positron lifetime spectroscopy

In positron lifetime measurements the time between the 1.27 MeV gamma

photon emitted simultaneously with the positron and one of the photons

emitted in the positron-electron annihilation is measured. These time

differences are recorded in a histogram and thus a positron lifetime spec-

trum is created. The spectrum can be represented theoretically with the

equation

n(t) =
∑
i

Iie
−t/τi . (3.2)

Typically one million events are recorded in order to have good statistics.

The experimental positron lifetime spectrum is a sum of exponentially de-

caying components convoluted with a Gaussian resolution function. τi is

the positron lifetime in state i and t is the measured time difference. If
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the sample does not have a detectable amount of vacancies, the spectrum

has a single exponential component, and shows a linear behavior on a log

scale. Each slope in the tail part of the spectrum corresponds to an an-

nihilation state which has its own intensity and lifetime. Decomposition

of the spectrum into several components is usually successful only if the

lifetime components are well separated. Typically this is the case when
τi+1

τi
>1.3-1.5 [39]. Usually at most 3 lifetime components can be resolved

reliably from a lifetime spectrum. If the positron trapping is in saturation,

i.e. all positrons are trapped to defects, or the concentration of trapping

defects is too low (∼ 1015cm−3) only one lifetime component can be fitted

to the spectrum.

The most accurate quantity that can be obtained from the spectrum is

the average positron lifetime:

τave =
N∑
i=1

Iiτi, (3.3)

where N is the number of lifetime components. The coefficients Ii are the

intensities of each lifetime component τi in the spectrum. τave corresponds

to the center of mass of the lifetime spectrum and is therefore insensitive

to the decomposition procedure. Whether the sample contains vacancy

type defects or not, can be evaluated from τave, which is higher in a sample

with vacancy defects than in defect free bulk (218 ps for Si and 228 ps for

Ge). With a proper setup and sufficient measurement time, it is possible

to measure changes in τave on the scale of 1 ps. If the positron trapping

is dominated by a single vacancy defect and the trapping to these defects

is not saturated, the decomposition of the lifetime spectrum yields two

components. The longer lifetime components can be associated with the

positron lifetime in the vacancy defect τ2=τD. τ1 corresponds to a modified

bulk lifetime τ1 = (τ−1
B + κ)−1, where κ is the trapping rate. From the

trapping rate one can estimate the defect concentration via Eq. 3.1.

Positron implantation of the unmoderated positrons can be described

with the semi empirical stopping profile

p(x) = αe−αx, (3.4)

where α = 16 ρ
E1.4

max
, x is the penetration depth of the positron in the medium,

ρ [g/cm3] is the density of the sample and Emax [MeV] is the maximum en-

ergy of the emitted positron. [40]

Typically a 22Na source is sandwiched between two identical samples.

This packet is then placed between two fast scintillator detectors. In an
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analog setup the pulse obtained from the detector is amplified and fed to a

constant fraction discriminator which produces the start and stop timing

pulses. When the 1.27 MeV start pulse is detected, the discriminator gives

a signal to the time-to-amplitude converter. The RC circuit within the

converter starts to charge up until the stop pulse is observed by the other

detector. The charge stored in the converter is dependent on the charging

time. This charge is then fed to a multichannel analyzer, which stores the

time difference between the start- and stop-signals. In a digitalized setup,

the data acquisition is handled by a circuit card.

3.3 Doppler broadening spectroscopy
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Figure 3.1. A background reduced Doppler spectrum. The S- and W -regions are shown
as dashed vertical lines..

In positron Doppler broadening spectroscopy the energies of the pho-

tons emitted in the annihilation event of the positron and the electron

are detected. In the annihilation two 511 keV gamma quanta are emit-

ted approximately in opposite directions. The Doppler effect observed in

the annihilation radiation is due to the annihilating positron-electron pair
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acting as a moving source having a momentum component ppe in the di-

rection of the annihilation photon emission. The frequency of the photons

is shifted due to the Doppler effect. This causes a shift in the energy of

the photon described by ΔE = 1
2ppec. Prior to annihilation the positrons

are thermalized. Thus, in practice it is the momentum of the electron

that is transferred to the two annihilation photons. In order to observe

small energy shifts, high purity Ge detectors are used which have an en-

ergy resolution of ∼1.3 keV at 511 keV. The resulting Doppler broadened

annihilation peak is studied by using line-shape parameters. These pa-

rameters are defined as ratios of distinctive areas of the peak to the total

area of the peak. The low momentum parameter S (shape) describes the

fraction positron annihilating with low momentum electrons, i.e. close to

the center of the peak. The W -parameter (wing) describes the fraction of

positrons annihilating with high momentum electrons corresponding to

the wings of the 511 keV line (see Fig. 3.1). The electron density is locally

reduced when an atom is removed from a lattice site. When a positron is

localized to such a defect it has a decreased chance to annihilate with core

electrons compared to annihilation with valence electrons. This typically

leads to a narrowing of the Doppler peak and consequently to an increase

in the S-parameter and a decrease in the W -parameter.

Unlike in a lifetime setup, the positron implantation energy can be mod-

erated in a Doppler broadening setup. The implantation profile for mo-

noenergetic positrons can be described by the Makhovian implantation

profile

p(x) =
d

dx
e
−( x

x0
)2
, (3.5)

where x0 is the position of the profile maximum. The mean stopping depth

for positrons is x̃ = AEr/ρ where A and r are empirical parameters, ρ is

the mass density of the sample and E is the positron acceleration energy.

Due to the asymmetrical shape of the profile the mean stopping depth is

not equal to the maximum of the profile.

The benefit of being able to moderate the positron implantation ener-

gies is that it is possible to use positrons to probe vacancy defects in thin

layered structures. In a slow positron beam setup fast positrons are mod-

erated by letting them pass a thin tungsten foil which has a negative work

function for positrons. The majority of the positrons either annihilate in

this foil or pass it unmoderated. A small fraction of positrons thermal-

izes and diffuses to the surface of the foil and is spontaneously emitted.

These positrons are then accelerated to the desired energy and driven to
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the target with magnetic fields. The unmoderated positrons are deflected

towards the walls of the beam line.

With a moderated positron beam it is not possible to record the positron

lifetime. This would require the usage of a pulsed beam, where pulsing at

a fixed frequency allows for the determination of the start timing pulse.

More information on the pulsed positron beam can be found from Ref. [41]

and references therein.

In a typical Doppler broadening experiment S- and W -parameters are

measured and presented as a function of positron implantation energy.

The measured parameters are superpositions of the parameters for the

different annihilation states in the sample:

S =
∑
i

ηi Si, (3.6)

W =
∑
i

ηi Wi. (3.7)

Here Si and Wi are the S- and W -parameters of the state i and ηi is the an-

nihilation fraction in state i. In this work typically the surface, a deposited

layer and a substrate gives their own distinctive S- and W -parameters.

Another way to present line-shape parameters is to draw the results in a

(S, W )-plane which helps in annihilation state identification. The possible

positron annihilation states in the sample could be e.g. a surface state and

a defect free bulk state. In such a case a straight line between the states

is expected in the (S, W )-plane. A deviation from this linearity suggests

that more than two positron trapping states are present. The strength

of the trap can be evaluated from the plot by observing the slope of the

curve in the SW -plane. In the case of a strong positron trap a sharp turn-

ing point in the intersection of the lines from the surface to trap state and

from the trap state to bulk state is observed. This type of plot is used for

data analysis in Publs. I, II and III.

In this thesis the majority of the Doppler broadening measurements are

performed in two modes. In normal Doppler broadening mode, one HPGe

detector is used to detect the energies of the emitted photons. For a suf-

ficient statistical accuracy, 1×106 events are recorded for each spectrum.

In 1D coincidence mode one high-purity (HP) Ge detector is used to mea-

sure the gamma emissions from the positron-electron annihilations and

another detector is used as a gate. This type of setup reduces the back-

ground by one order of magnitude. In Publ. I the samples were measured

in 2D coincidence mode where two HPGe detectors are used to detect both
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photons from the annihilation event. The benefit of using 2D-coincidence

is the improved resolution by a factor of
√
2. For a good statistical accu-

racy 15×106 annihilation events need to be detected.

3.4 Theoretical calculations

Various parameters related to positron-electron interactions in the lattice

and in defect structures can be calculated via atomistic modeling. In this

thesis, the modeling of the electronic structures was based on the two-

component electron-positron formulations of DFT. The benefit of utilizing

calculations is that the defect structures can be defined accurately. Thus,

a very detailed picture on the positron interactions in the lattice could

be in the optimal case obtained. Unfortunately, due to approximations

needed to keep calculations feasible, the results of the modeling rarely

match completely with the experimental results. Thus, mostly trends

between the results on the different defect structures should be consid-

ered. In this section, the basics of the DFT calculations are given with

the emphasis on the conceptual description. More detailed information

on calculations can be found e.g. in Refs. [42–47].

Two-component DFT calculations are based on the Kohn-Sham scheme

in which a non-interacting system with positron and electron densities

equal to those of the true interacting system are modeled using a total

energy functional. The total energy functional of the system takes into

account the classical interactions between the electron and the positron,

the kinetic energies of the non-interacting particles and many-body cor-

rections. Minimization of the functional with a fixed number of positrons

and electrons leads to single particle equations from which the densities

can be calculated. In practice, approximations are used when solving the

densities. In a general case, the correct many-body interactions cannot

be expressed accurately with electron density alone and their influence

must be estimated. Effectively, every electron in the lattice is modeled as

if moving in a homogeneous electron gas. Consequently the electron ex-

change and correlation energy density, which compensates for the lack of

correct many-body interaction effects, depends only on the local electron

density. This approximation is called local density approximation (LDA).

Another commonly used approximation is the generalized gradient ap-

proximation (GGA) which also takes into account the density gradients

around the electrons [44]. Unfortunately, these approximations tend to
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underestimate the energy band gap. Thus, more advanced hybrid func-

tional methods can be used [48–51] which corrects the band gap problem.

In this case, however, the computational cost is much higher.

Once the electron and positron densities (n+(r) and n−(r)) are solved,

the positron annihilation rate and lifetime are calculated from

λ =
1

τ
= π r2ec

∫
drn+(r)n−(r)γ(n−(r)). (3.8)

Here re is the classical electron radius, c is the speed of light and γ is a

parametrized enhancement factor within LDA at the zero-positron-density

limit, which takes into account the increased electron density near the

positron due to the many-body interactions. The momentum distributions

of an electron-positron pair is given by

ρ(p) = π r2ec
∑
j

γj

∣∣∣∣
∫

e−ip·rψ+(r)ψj(r)
∣∣∣∣
2

, (3.9)

where the sum is taken over occupied electron states and γj is an enhance-

ment factor depending on the electron states [39,46]. In order to compare

the calculations with experimental results, calculated distributions must

be convoluted with a Gaussian to account for the detector resolution.
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4. On interfaces and interface states in
Si/SiO2 structures

The research on nanocrystals has progressed rapidly during the last dec-

ade. In 2004, Klimov et al. discovered that SiNCs could convert single

photons into more than one exciton [52]. Another benefit associated with

the nanocrystals is that their energy sensitivity is dependent on the size of

the nanocrystals. Thus, the absorption edge of the SiNC could be shifted

towards the visible range of the Sun’s spectrum allowing for a wider sun-

light spectrum coverage. Unfortunately, despite the efforts, no such de-

vices has yet been realized. Si nanostructures are also a very interest-

ing material for optoelectronics, bio imaging and sensing applications,

e.g. [28–31].

In this chapter the study on silicon nanocrystals embedded in a SiO2 lat-

tice is introduced. The study of interface defects in SiNC samples grown

with RF magnetron sputtering are studied in Publ. I. A similar study

but performed on samples grown with the PECVD method is perfomed in

Publ. II.

4.1 Results and discussion

The structures of the PECVD grown and RF sputtered SiNC samples are

shown in Fig 4.1. Each as-grown PECVD sample was subjected to one of

the following heat treatments: 1h in 800 ◦C in N2, 1h at 1150 ◦C in N2,

1h at 1150 ◦C in N2 and subsequent N2+H2 passivation at 500 ◦C for 1h.

Three types of RF sputtered samples were measured with PAS: as-grown

samples, samples annealed in N2 at 1100 ◦C for 1h and samples annealed

in N2 at 1100 ◦C for 1h and subsequent N2+H2 passivation at 500 ◦C for

1h.

A slow positron beam was used to study the annihilation characteristics

of the PECVD grown and RF sputtered sample sets. Doppler broadening
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Figure 4.1. The structure of PECVD (left) and RF sputtered samples (right). In PECVD
treated samples the layers consist of bilayers of Silicon Rich OxyNitride
(SRON) and SiO2 whereas in RF sputtered samples Si/SiO2 layers were
usedf.

measurements were performed at RT. Samples were also measured with

PL at RT using a Si-CCD attached to a single grating monochromator and

under excitation of a HeCd laser (3.8 eV line). All spectra were corrected

for the spectral response of the setup.
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Figure 4.2. Photoluminescence intensities as a function of wavelength. Shown on the left
are PL spectra from 3.5 nm SiNC samples after each production step (panel
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On the right PL spectra from RF sputtered samples with 2 nm (panel c) and
4 nm (panel d) Si layer.

In Fig. 4.2, panels a and b show the results from the PL measurements

performed on the samples grown by PECVD. The PL spectra after the

different heat treatments measured from the 3.5 nm samples are shown

in panel a. An increase in PL signal was observed after the formation of

NC. The passivation treatment further increased the PL intensity. This

increase was explained with the compensation of dangling bond defects

at the SiNC/SiO2 interface. In panel b the spectra after the 1150◦C+H2

passivation step is shown. The increase in the PL intensity and the shift

of the peak from 775 nm to 910 nm when the size of the NC grows from

1.5 nm to 4.5 nm is due to the changes in the band gap width in the NC.

26



On interfaces and interface states in Si/SiO2 structures

The larger is the size of the nanocrystal, the smaller is the bandgap of

the NC. This clearly indicates that the quantum confinement effect can

be observed from the PL results. The PL results obtained from the RF

sputtered samples (panels c and d) show that the PL signal is strongest

in the 2 nm sample and visible but very weak in the 4 nm sample. The

1 nm sample produced no PL signal. Unlike in the PECVD samples the

PL peak is positioned at the same wavelength (∼950 nm) regardless of

the thickness of the superlayer and size of the NC. This indicates that the

recombination of excitons do not occur directly over the band gap, instead

the PL signal originates most likely from defects.
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In Fig. 4.3 the normalized S- and W -parameters for the 3.5 nm sam-

ple grown with PECVD as a function of positron implantation energy

are shown. Out of the samples measured with Doppler broadening spec-

troscopy the 3.5 nm sample was selected for the coincidence Doppler broad-

ening spectroscopy measurements due to its PL characteristics. The re-

sults were normalized to the parameters from a defect free Si sample,

SSi=0.5515 and WSi=0.0175. The deposited layer lies at a depth of 30-330
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nm. The interface between the layer and the substrate is denoted as a ver-

tical dashed line in the figure. The S-parameter for the as-deposited sam-

ple has a maximum at 3.5 keV. In terms of positron implantation depth

this corresponds to ∼150 nm, i .e. the positron implantation profile is cen-

tered in the layer. Heat treatment at 800 ◦C produces amorphous quan-

tum dots in the sample and leads to a decrease in the S-parameter. In the

heat treatment at 1150 ◦C crystalline nanodots are formed. In these sam-

ples the S-parameter is 5% lower compared to samples treated at 800 ◦C.

The S-parameter is further reduced in the sample subjected to the passi-

vation treatment. The (E,S)-graph shows a steep slope at 0.5 to 3.5 kV for

the 800 ◦C and passivated sample and at 3.5 to 7.5 kV for sample treated

at 1150 ◦C. This implies that the positron diffusion length is short i.e.

positrons are trapped very fast after thermalization. Clear maxima and

minima in the S-parameter in as-deposited and in passivated samples in-

dicate that the majority of the positrons is localized to a strong trap in the

layer rather than annihilating in a delocalized state.

The positron S-parameter as a function of positron implantation energy

for the samples grown with RF sputtering are presented in Publ I. The

multilayer structure can be seen as a flat plateau at implantation energies

1-5 keV. As in the case of PECVD grown samples, the S-parameter for the

heat treated RF sputtered samples exhibits a maximum which can be

seen at 2 keV. This is almost negligible in the case of the 1 nm sample

but is seen more clearly on 2 nm, 3 nm and 4 nm samples. The effect of

passivation decreases the S-parameter in the layer, signaling a change in

positron trapping. The results from the PAS measurements correlate well

with the PL results; the PL signal from the 2 nm sample is the strongest

whereas the PL signal from the 1 nm could not be observed.

Fig. 4.4 shows the (S,W )-plots for the PECVD grown samples. Three

positron annihilation states can be distinguished in the as-deposited plot

and are denoted as follows: surface (Sf), layer (L) and substrate (S). In

the samples heated at 800◦C a curvature (denoted by a dashed line) can

be seen in the line between the layer state and the substrate state. This

indicates the onset of positron annihilation at the interface between the

amorphous NC and the surrounding matrix. The layer states in the sam-

ples with crystalline nanodots (panel c) are close to the Si/SiO2 interface

point reported earlier by Kauppinen et al. [53]. The (S,W )-plot exhibits

turning points at the intersection of the surface-layer- and the layer-bulk

lines implying that the trap state is strong. Sharper turning points can
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Figure 4.4. Normalized S(W )-plots of different SiNC sizes and and heat treatments. Ar-
rows in the figure indicate the increasing positron implantation energy. Sur-
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in the plots.

be observed in the samples with bigger NC’s while in the samples with

smaller NC this turning point is more blunt. This is due to the area of

the interface between NC and surrounding lattice. In the case of larger

nanocrystal, a larger interface can be a strong trap for positrons, leading

to a sharp turning point, whereas the surface of a smaller nanocrystal is

not large enough to cause a sharp turning point in the (S,W ) plane. Af-

ter the passivation of the samples, the S- and W -parameters of the layer

states were even closer to the interface state reported by Kauppinen et al.

and all samples had sharp turning points. The passivation of the samples

aims to compensate the dangling bond defects at the interface by partially

filling them with hydrogen. The S-parameter in the passivated samples is

lower compared to that of samples annealed at 1150◦C. At the same time

an increase can be seen in the PL spectra which indicates an increase

in light conversion efficiency. In order to see how much the surround-

ing SiO2 matrix modifies the S- and W - parameters, a Doppler broad-

ening measurement was performed on a SiO2 reference sample. Unlike

in the SiNC samples the S-parameter for the SiO2 decreased with each

production step. Thus, the evolution of the line-shape parameters were

clearly different in the SiNC samples compared to SiO2, indicating that

the changes seen in Fig. 4.4 are not due to changes in the SiO2 lattice.

29



On interfaces and interface states in Si/SiO2 structures

The Doppler results for the sample grown with RF sputtering revealed

two unique positron states; the SiO2/Si bulk interface state between sub-

strate and the SiNC layer and an unknown state.
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Figure 4.5. On the left ratio spectra from 3.5 nm sample measured after various pro-
duction steps. Positrons were implanted with the energy of 3.5 keV. Dashed
lines denotes the window used in determining the W -parameter value in the
analysis. On the right ratio spectra from 1/4, 2/4 and 4/4 samples grown RF
sputtering. Positrons were implanted with the energy of 2.0 keV. A defect free
bulk Si sample was used as a reference. All measurements were performed
at room temperature.

We performed 1D coincidence Doppler broadening measurements for the

3.5 nm PECVD samples whereas 2D coincidence setup was used for RF

sputtered samples. To obtain the ratio curves, the positron-electron mo-

mentum distribution spectra from the samples were divided by the spec-

trum from a defect free Si sample. These ratio curves are presented in

Fig. 4.5. The defining feature that all the ratio curves share is the large

peak at ∼1.5 a.u. The as-deposited sample has the lowest peak whereas

the largest peak is exhibited by the sample subjected to the 1150◦C heat

treatment. In the passivated samples this peak slightly decreased. The

positron-electron momentum distribution spectra can be considered to be

a sum of two parts: a high and a low momentum part. The low momentum

part of the annihilation peak consists of events from positrons annihilat-

ing mainly with low momentum electrons, whereas positron annihilations

with high momentum electrons gives rise to a broad tail part of the spec-

trum. The defect free Si spectrum has a kink at momenta where the high

and low positron-electron momentum distributions coincide. In the sam-

ples with vacancy defects the lattice symmetry is disturbed. This is seen

in the Doppler spectrum as a smoothening of the kink. Hence, a peak is

observed in the ratio curve at the corresponding momentum. In earlier

studies on p-type Si this type of a peak was related to positron trapping

to vacancy-oxygen related traps [54, 55]. However, this peak is formed
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due to a disturbance in the lattice symmetry. Thus it does not require the

presence of oxygen in the lattice. Consequently, the peak seen in the ra-

tio curve can have other origins than trapping to O-V type traps. The 2D

Doppler ratio spectra for the RF sputtered samples are shown in Fig. 4.5

(right panel). The peaks at 1.5 a.u. have similar features as the peaks

appearing in the ratio curves measured from PECVD samples. However,

the intensities of the peaks for RF sputtered samples are higher and the

variation of the peak height with the process step is smaller than in the

PECVD samples. This indicates that in the RF sputtered samples the

heat treatments have smaller influence on the positron-electron momen-

tum distributions than in the case of PECVD samples. Nonetheless, in

both sample sets a similar type of decrease in the peak height after the

passivation treatment suggests that the positron annihilation occurs at

the same type of interface defect in both sample sets.
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5. Vacancy complexes in Si:P

By causing a controlled strain in a semiconductor lattice, a boost in the

mobilities of charge carries can be obtained. In earlier studies it was sug-

gested that the strain observed in Si:P films is due to clustering of P into

stable Si3P4clusters [8]. In Publ. III, the formation of P-V complexes

(as a possible alternative to Si3P4 clusters) and their influence on strain

and conduction in Si:P films was studied with Rutherford Backscattering

Spectrometry (RBS), Electron Spin Resonance (ESR) and PAS techniques.

Also DFT calculations were performed to model several defect structures.

This chapter extends the PAS part presented in Publ. III.

5.1 Doppler broadening measurements

Sample P conc. [at.%] Thickness [nm]

D2 1.8 47

D3 2.3 42

D8 4.6 60

Table 5.1. Si:P sample descriptions.

PAS was utilized to study vacancy defects in the Si:P layers. A summary

of the samples is presented in Table 5.1. Fig. 5.1b and c show the S and

W -parameters from the samples with different concentration of P before

and after the HF etching. A spectrum measured from a defect free Si

sample was used as a reference. Etching was done in order to remove the

surface oxide on top of the thin Si:P layer. Fig. 5.1a shows the positron

implantation profile for a few different acceleration energies. The effect

of the oxide layer can be observed by comparing figures b and c. The

steep slope at 0-2 keV in the S(E)-curve for the non-etched samples does

not appear in the S(E)-curve for the etched samples. In the non-etched
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Figure 5.1. S parameters as a function of positron implantation energy after and before
the etching (panels b and c). Panel a shows the positron implantation profiles
for various energies. Values in the upper horizontal axis shows the mean
implantation depth for positrons accelerated with the matching implantation
energy (lower horizontal axis). The intensities of the implantation profiles
are not in scale.

samples positrons annihilate in the native oxide on top of the Si:P layer

yielding low S-parameter values. As a result, the measured S-parameter

is lower than that of the non-etched sample (see Section 3.3). Due to

the same reason, the maximum at 1.3 keV for etched samples containing

1.8 and 2.3 % P are more pronounced compared to those of non-etched

samples. The effect of the oxide layer to positron trapping is weakest in

the Si:P sample with the highest P concentration.
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The maximum in S-parameter for the HF treated sample with a P con-

centration of 4.6 % indicates that positrons are trapped to a defect close

to the surface. As the implantation profile for positrons implanted with

low energy is very narrow (see Fig. 5.1a), it can be concluded that the S-

parameter represents the positron annihilations in the Si:P layer. This

same maximum in S-parameter appears also in the samples with a lesser

amount of P, but is not as pronounced. In Fig. 5.2a the (S,W )-plots for
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Figure 5.2. On the left (S, W )-plots for the samples containing 2.3% and 4.6% P are
shown. On the right coincidence Doppler broadening ratio curves for the
annealed and as-grown sample with 4.6% P are presented. Included are also
results for the E-center (V-P) [17] and the divacancy in Si [56,57].

as-received and etched samples containing 2.3% and 4.6% P are shown

together with the respective S- and W -parameters for an E-center (V-P)

and a divacancy in silicon. [17, 56, 57]. The decrease of the S-parameter

and increase of the W -parameter in the annealed samples indicates a re-

duction in the vacancy concentration (see Fig. 5.1).

5.2 Coincidence Doppler broadening measurements

The ratio curves from the 1D coincidence Doppler measurements for etched

and non etched Si:P samples containing 4.6% P are presented in

Fig. 5.2b. All the measured spectra were normalized to a defect free Si

reference spectrum. For comparison, ratio curves for a divacancy in Si

and the P-V complex in Si are shown [17, 56, 57]. In all samples a peak

at ∼1.2 a.u. can be observed. The peaks of the as-received and annealed

Si:P samples fall between the divacancy and P-V complex peaks with the

peak of the annealed Si:P sample being closer to the P-V curve. In a study

by Ranki et al. [17], it was shown that the addition of P atoms next to

a Si vacancy decreases the intensity at high momenta. Thus, the coinci-

dence results suggested that the dominating defect in the as-grown layers
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is most likely a V-Pn complex. However, positrons trapping to divacancy

sized defects was not ruled out.
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6. Complex formation in highly doped
bulk Ge

Germanium has been overshadowed by silicon in semiconductor devices.

Only in recent years have the advancements in semiconductor technology

permitted the manufacturing of novel Ge-based devices e.g. hetero-bipolar

transistors, high-mobility complementary metal-oxide-semiconductor de-

vices and mid-infrared photodetectors. [14] In this chapter the formation

of dopant complexes in Ge samples doped with As, P and Sb are studied

with PAS.

6.1 Results and discussion

In this thesis highly P, As and Sb doped [P, As, Sb]≈1019cm−3 Czochralski-

grown Ge samples were studied with positron lifetime and Doppler broad-

ening spectroscopies. Calculations of the positrons states and the annihi-

lations in bulk Ge and defects were based on DFT.
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Figure 6.1. The average positron lifetimes in highly doped as-received Ge.

The positron lifetime results (see Fig. 6.1) revealed that the average life-
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time τave in Ge(As) and in Ge (P) was clearly longer than in Ge bulk. This

indicated that positrons were probing vacancy defects. In both cases only

one lifetime component could be fitted to the data. This suggested that the

positron annihilation was either in saturation, where all positrons annihi-

late at one type of defect, or in a saturation-like state where all positrons

annihilate at more than one type of defect.

Slotte et al. reported earlier of a 272 ps lifetime component in Ge and

associated this with the positron lifetime in a monovacancy [58]. Of the

measured lifetimes the average positron lifetime in Ge(As) is closest to

272 ps. In addition, τave is much lower than the lifetime component of

300-330 ps associated with the divacancy. [58, 59] Thus, the temperature

independent 267 ps lifetime component was associated with the positron

lifetime in a defect with an open volume of monovacancy size. In contrast

to Ga(As) the average lifetime in the P doped Ge was temperature depen-

dent; an increase in the temperature resulted in an increase in τave. τave

in Sb doped Ge was only 4-5% higher than the positron lifetime in a defect

free Ge lattice and exhibited a very weak temperature dependence. The

small difference in average positron lifetimes implies that only a fraction

of positrons annihilate in a localized state, i.e. positron annihilation in

Ge(Sb) is not in saturation. The average positron lifetime in Ge(As) was

the longest lifetime measured in the samples. Thus, no defects with larger

open volume, e.g. divacancies, are introduced in amounts observable by

PAS into the samples.

1D coincidence Doppler spectra were measured for each sample and nor-

malized to bulk Ge. The resulting experimental ratios are shown in panel

a in Fig. 6.2. A significant decrease in intensity at high momenta (p>1.5

a.u.) was seen in Ge(As) and in Ge(P). This is due to a reduced annihi-

lation probability with the 3d electrons of Ge as these electrons give the

largest contribution in the high momentum region of the ratio curve. The

intensity of the ratio curve for the Ge(Sb) was close to unity.

Positron interactions in bulk Ge and in Ge defect complexes were mod-

eled using LDA [44], and employing the projector augmented-wave

(PAW) [60] method. The calculations were performed using a supercell

consisting 216 atoms. In each modeled system the supercell contained

1-3 impurity atoms adjacent to a vacancy. These defect structures were

relaxed, taking into account the repulsive forces of positrons on ions. In

table 6.1 calculated positron lifetimes for different complex structures are

presented and panel b in Fig. 6.2 shows the calculated ratio curves for
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Figure 6.2. Experimental (panel a) and calculated (panel b) positron-electron momentum
distribution ratios for Ge(As), Ge(P) and Ge(Sb).

As P Sb

D1 248 257 225

D2 241 255 214

D3 241 263 214

Ge bulk 213

Table 6.1. Calculated average positron lifetimes. Di indicates the number of dopant
atoms around the vacancy.

each modeled system. A well known disadvantage of LDA is that it un-

derestimates the energy band gap. In the case of Ge this effect is severe

enough to close the gap, thus calculations cannot properly describe lo-

calized gap states. These aforementioned aspects will unavoidably bring

some discrepancies between the calculated and measured data. Thus,

rather than comparing results directly, similarities in trends between

computational and experimental data should be compared. Furthermore,

due to the reasons mentioned above the charge-state dependency of the

positron lifetime is not considered. Instead, DFT calculations were per-

formed for neutral defect centers.

Ranki et al. [17] studied complex formation and migration processes in

highly n-doped Si. The dopant migration proceeds via the ring mecha-

nism in which negatively charged vacancies form pairs with positively

charged dopants. The electrostatic attraction keeps the complex together

and allows the vacancy to move along the ring of Si atoms in the <110>

plane. [61, 62] At the saddle point the vacancy has moved away from the

dopant atom and is at the third nearest neighbour site. From there it can

return to the dopant atom using a different route and thereby complete

the migration step. Due to the similarities in atomic structures of Ge and
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Si we proposed that the same mechanism applies to Ge. The concentra-

tion of vacancies is much smaller than the concentration of dopant atoms.

Thus, it is more likely that a vacancy meets a dopant atom than another

vacancy. Consequently, no divacancies are created in a high enough con-

centration. Furthermore, after the third dopant atom is attached to a

complex, it is assumed to become immobile [17]. This occurs as a large

fraction of vacancies are bound to complexes and cannot mediate the dif-

fusion. Thus, the formation probability of bigger complexes than V-D3 is

very small.

Brotzmann et al. [63] studied diffusion of n-type dopants in Ge. For

modeling the dopant diffusion they used the vacancy mechanism where

singly positively charged substitutional dopants form complexes with dou-

bly negatively charged vacancies. They noted that the size of the complex

is dependent on the dopant concentration in the lattice. Consequently,

the formation of larger complexes is more probable at high doping con-

centrations whereas smaller complexes are formed when concentration is

lower. We proposed that the vacancy mechanism Brotzmann et al. used

in their study is also valid with bigger complexes. This implies that the

larger complexes can become neutral whereas smaller complexes can be

negatively charged and thus more efficient positron traps.
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Figure 6.3. Dopant concentration for As, P and Sb (cm−3) in Ge obtained from the spread-
ing resistance measurements. The calculated positron implantation profile is
shown by the black dashed line in arbitrary units. The sensitivity limit for
the positron annihilation is ∼1015 cm3 which is set to zero (see right axis).
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The dopant concentration profiles measured for three dopant types have

quite different shapes when it comes to the deep end edges of the profiles

(i.e. the diffusion tails of the profiles; see Fig. 6.3), due to different an-

nealing temperatures. According to Fig. 6.3 the concentration profile of

Ge(As) has a very abrupt edge at the deep end of the box shaped profile.

Therefore, the formation probability of the small complexes (i.e. the de-

fect centers with one dopant atom next to a vacancy) is low. Thus, we

proposed that the majority of positrons annihilates in complexes with a

higher number of As atoms around the vacancy, i.e. V-As3 and that the

positron annihilation was in saturation.

In Ge(P) the deep end tail is much broader than in Ge(As). This sug-

gests, that in this region the smaller complex centers are more abun-

dant and can have a larger influence on the positron trapping than in

Ge(As). Thus, at higher temperatures trapping is dominated by larger

complexes whereas at low temperatures trapping to smaller more neg-

atively charged V-P1−2 complexes is more prevalent. DFT calculations

performed on Ge(P) were consistent with the experimental results. They

show that the positron lifetime is highest in a V-P3 complex whereas life-

times in V-P1 and V-P2 were lower and very close to one another.

As in Ge(As) and Ge(P) the concentration of different types of complexes

in Ge(Sb) (i.e. V-Sb1, V-Sb2 or V-Sb3) is dependent on the dopant concen-

tration. The doping concentration profile for Ge(Sb) decreases slowly with

depth. In the Ge(P) sample V-D1,2 complexes are more prevalent at the

tail of the concentration profile whereas V-D3 complexes are more abun-

dant where the doping concentration is higher. Since the formation of

V-Sb1−3 is similar to V-P1−3, we proposed that the dominating defect in

Ge(Sb) is the V-D3 complex. The average positron lifetime in Ge(Sb) was

close to the positron average lifetime in the Ge reference sample. This

implied that a large fraction of the positrons annihilate in an unlocalized

state. This can also be seen from Fig. 6.2a where the ratio for Ge(Sb) is

very close to unity, i.e. the chemical environment at the annihilation site

of the positron and electron is similar to that in the defect free Ge. We

suggested that two different processes can occur in the sample. If the

V-Sb3 complex is a weak positron trap, the positrons could de-trap from

the vacancy center. Positron lifetime of a de-trapped positron is a mixture

of positron lifetime in a trap and in a unlocalized state. In this case the

lifetime components can have values too close to each other and thus it is

not possible to resolve them. Another scenario is that positrons can an-
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nihilate with smaller negatively charged V-Sb1 centers which can affect

the lifetime spectra even at relatively low concentrations. Due to this the

average lifetime of the positrons is slightly higher than the positron life-

time in the reference sample. However, due to a low concentration of these

complexes the intensity of the vacancy lifetime component is very low and

thus the annihilations at these traps cannot be separated from the anni-

hilations in a delocalized state. The DFT calculations performed for the

system consisting of V-Sb1−3 centers suggests that positrons do not trap to

defects with more than one Sb atom around the vacancy. This result was

consistent with our positron trapping picture. Both the de-trapping from

V-Sb3 and the trapping to V-Sb1 complexes alone could explain the results.

However, it is likely that they occur simultaneously in the sample.
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7. The source of p-type conductivity in
undoped GaSb

Undoped GaSb is always p-type independent of its growth method. The

origin of this p-type conductivity has been under debate. In this chapter

n- and p-type GaSb samples are studied with positron annihilation spec-

troscopy. A strong influence of GaSb on the positron lifetime is observed.

7.1 Results and discussion

The unintentionally p- and tellurium doped n-type ([Te]≈ 6 × 1017cm−3)

samples were measured with a positron lifetime setup in the tempera-

tures range of 30 K to 580 K. Results from these measurements are shown

in Fig. 7.1
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Figure 7.1. Lifetimes (left) and intensities (right) as a function of temperature obtained
from the two-component model.

Lifetime analysis revealed that the two-component model, i.e. in which

two lifetime components are fitted to the lifetime data, was insufficient to

fully describe the annihilations in the samples in the temperature range

30-330 K. In temperatures below 330 K the lifetime component τ2 describ-

ing the positron annihilation in the defect decreased strongly. The inten-

sity of this lifetime component was close to 100%. This was taken as a clue

that there were more than one positron trap competing for the positrons.
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The two trap model, worked relatively well above 330K where the inten-

sity for τ2 was ∼90% and τ2 for n-type GaSb leveled out at τ2=280±5 ps.

This corresponds to a positron lifetime in a monovacancy size defect. In

the unintentionally p-type GaSb (hereafter denoted as p-type GaSb) τ2

forms a plateau with τ2=295±10 ps in the temperature range of 360-510

K. This most likely corresponds to the same monovacancy defect as was

observed in the n-type sample. We also attempted to fit three components

to the spectra. Results from these fits were not physically reasonable and

suggested that the lifetime components were too close to each other and

thus the decomposition process was not successful.

Bracht et al. [64] studied Ga and Sb self diffusion in GaSb. Their investi-

gations revealed that both Ga and Sb diffuse independently on their own

sublattice. The Sb vacancy is unstable and cannot contribute to the Sb

self diffusion whereas Ga vacancies are easily formed and they mediate

the self diffusion of Ga atoms on the Ga sublattice. Consequently, we as-

sociated the observed monovacancies to VGa, which thus is the dominant

vacancy defect in GaSb.

Negative ions form another group of traps in GaSb. The importance of

the negative ions as positron trapping centers can be seen by observing

Fig. 7.2, which shows the average lifetime as a function of measurement

temperature. That the average positron lifetime decreases with decreas-

ing temperature is in this case a fingerprint of negative non-open vol-

ume defects. Negative ions are competing with vacancy defects for the

positrons [39, 40]. The positron binding energy in an ionic trap is typi-

cally very low ∼10-100 meV [39]. Thus, usually only at low temperatures

ion-type states are able to trap efficiently. An increase in temperature in-

creases the de-trapping rate from these shallow Rydberg like states and

leads to a rapid decrease of positrons trapping to negative ions.

Another clue to the trapping efficiency of the ions could be observed

from the measured momentum distribution ratios. Due to the lack of a

proper reference sample (as-grown GaSb has a high native vacancy con-

centration) we used data measured from a p-type sample at 30 K as a

reference. The positron lifetime was lowest at this temperature, indicat-

ing that the majority of the positrons do not annihilate at vacancy defects.

The average positron lifetime in p-type GaSb increases 20 ps within the

temperature interval 30 K-580 K. This suggests, that the annihilation en-

vironment should be quite different at 30 K compared to that at 580 K.

However, this cannot be observed in the ratio curves for the n- and p-type
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Figure 7.2. Positron average lifetime in p- and n-type GaSb. Open symbols indicate that
the next measurement is done at a higher temperature than the preceding;
the direction of the temperature change is represented by the dashed ar-
rows. Closed symbols indicate that the next measurement is done at a lower
temperature than the preceding; the direction of the temperature change is
represented by the full arrows.

sample measured below 600 K. This shows that for the most part the an-

nihilation environment resembles that of the reference (See Publ. 5, Fig

4). Small deviation from the reference can be observed above 1.2 a.u in the

n-type sample measured at 600 K in which the intensity drops clearly be-

low unity. The 3d electron shell of Ga atoms gives the largest contribution

in the high momentum region of the spectrum. Removal of the Ga atom

from its lattice site reduces the electron density locally, which is seen as a

decrease in the intensity at high momenta.

As the ion-type traps are able to compete efficiently with the vacancy

type traps, the concentrations of both trap types should be estimated.

Concentrations of vacancy traps in the case of positrons trapping to one
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defect can be estimated from [39]

c =
λB

Nat · μ · τave − τB
τD − τave

. (7.1)

Here λB is the annihilation rate in the host lattice, Nat is the atom den-

sity, μD (units in at. s−1) the defect specific trapping coefficient, τave the

average positron lifetime and τB and τD are the positron lifetimes in the

bulk and in the defect states. Estimation of the Ga vacancy concentration

was done using the data measured above RT, where the effect of negative

ions is lowest. We obtained [VGa]≈ 4 × 1016cm−3 for the n-type GaSb and

[VGa]≈ 3 × 1016cm−3 for the p-type GaSb. The concentrations for ion-type

traps were estimated by comparing the trapping rates of Ga vacancies

and ion-type traps [65]. We estimated the negative ion concentrations to

be 1 × 1017cm−3 and 2 × 1017cm−3. for n- and p-type samples respectively.

The concentration of negative ions exceeds the concentration of VGa by an

order of magnitude. This makes them the dominant negatively charged

defects in n- and p-type bulk GaSb.

Figure 7.3. The GaSb band gap with the charge transition levels of VGa and GaSb after
Virkkala et al. [66]. The Fermi-level positions at 30 K and at 600 K in p- and
n-type GaSb are represented with purple dashed lines. Yellow color indicate
the area covered by the Fermi-level when the temperature is increased or
decreased. The arrows indicate the direction of the Fermi-level movement
when the temperature is increased.

Virkkala et al. calculated the formation energies and charge transition

levels for various point defects in GaSb using the DFT framework [66].

They reported that the Ga antisite (GaSb) has the lowest formation en-
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ergy of the acceptor-type defects. As our estimation shows that the ion-

type trap is the most abundant defect type in n- and p-type GaSb, we

associated these defects to GaSb. At low temperatures τave is close to the

average positron lifetime in the p-type sample measured at 30 K, indicat-

ing that the majority of the positrons are trapped at negatively charged

antisites. When the temperature increases, the trapping rate of positrons

to the negative ions decreases. Consequently a larger fraction of positrons

annihilate at negatively charged vacancy defects. Due to this, an increase

is seen in τave of the n-type sample at 30-300 K. The plateau above 300

K indicates that the positron trapping rate to antisites is low enough to

make vacancy trapping more dominant.

We estimated the positions of the Fermi-levels by using the available

electrical data. The position of the Fermi level at the highest and at

the lowest measurement temperature was drawn in the charge transition

level diagram (see Fig. 7.3). Comparison of the calculated charge transi-

tion levels and the position of the Fermi level suggested that in the n-type

sample GaSb is in the doubly negative charge state at all measurement

temperatures. The positron average lifetime at low temperatures is close

to the sample used as reference due to strong trapping efficiency of the

negatively charged antisites.

In the p-type sample the Fermi-level was assumed to be pinned to the

(0/1-)-level of the GaSb at 30K due to the high antisite concentration. Un-

like in n-type GaSb, an increase in temperature was not immediately fol-

lowed by an increase in τave in p-type GaSb. Instead, a plateau was ob-

served at temperatures 30-200 K. This type of behavior occurs if VGa is

in a neutral charge state and thus has a weaker trapping efficiency. An

increase in average lifetime above 200 K is then due to a change in the

charge state of VGa from 0 to 1-. Consequently, our experimental results

suggested that the (0/1-) level of GaSb is closer to the valence band than

the (0/1-)-level of VGa. As the temperature is increased τave continues to

rise in linear fashion suggesting that no additional changes in the charge

state of ions or vacancies occur and that the trapping to the antisites is

significant even at higher temperatures.

Thus, we concluded that VGa is the dominating vacancy defect in both

samples. However, the behavior of the average positron lifetime in both

p- and n-type GaSb indicates that negative ions as trapping center for

positrons compete with the Ga vacancies. Ga antisites in a negative

charge state are nearly an order of magnitude more abundant compared
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to that of Ga vacancies and dominate the positron annihilation at low

temperatures. Hence, we concluded that Ga antisites are the major cause

for p-type conductivity in bulk GaSb.

48



8. Summary

In this work positron annihilation spectroscopy is used to study point de-

fects in elemental and compound semiconductors. Point defects can be

introduced to the material, e.g. during the growth or in the post-growth

processes. Upon the formation, they can create new energy levels in the

band gap of a semiconductor, which may have a detrimental effect on the

electrical and optical properties of the material. Due to this, it is of a

paramount importance that the properties of the defects are well known.

The ability to control the formation of the defects in the material is a

requirement which will grow in importance in the future as the micro-

electronic devices reach the 10 nm node range.

In Publs. I and II positron annihilation spectroscopy and photolumi-

nescence is used to study silicon nanocrystals embedded within silica. In

the samples deposited with RF sputtering the PL intensity and the S-

parameter exhibit a behaviour which suggests that both signals originate

from the same source, i.e. from the interface between the nanocrystals

and the surrounding silica matrix. In the samples grown with PECVD

the quantum confinement effect could be observed. This indicates that the

PL originates from the nanocrystals whereas analysis on the line-shape

parameters revealed that the positrons annihilate at the SiNC/SiO2 in-

terface. The passivation of the samples results in a further decrease in

the S-parameter. Furthermore, the introduction of H2 into SiNC resulted

in an increase in the PL signal. The decrease of the S-parameter and the

increase of the PL signal suggested that the positron trap at the interface

does not contribute to a significant extent to the exciton recombination in

the nanocrystals.

Epitaxially grown Si:P films were studied in Publ III. A lattice strain is

induced into highly P doped Si due to the formation of defect structures.

Earlier reports suggested that the cause for the strain are Si3P4 clusters.
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However, neither theoretical nor experimental proof were given for their

existence. The coincidence Doppler broadening measurements suggested

that the dominating defect in the as-grown layers is most likely a V-Pn

complex, although positrons trapping to divacancy sized defects was not

ruled out.

In Publ. IV the complex formation in highly As, P and Sb doped Ge is

studied. High dopant concentration was achieved by diffusion. Vacancies

and dopant atoms form complex centers consisting of a monovacancy and

one to three dopant atoms. Combined results from the Doppler broaden-

ing, positron lifetime, DFT and spreading resistance measurements indi-

cate that above RT positron trapping is dominated by the complexes with

more than one dopant atom around the vacancy. At low temperatures,

positron trapping to smaller complexes is more pronounced. In the case

of As and P doped Ge the positron trapping was found to be in saturation

or in a saturation-like state, whereas in Sb doped Ge a large fraction of

positrons do not get trapped to complexes prior to annihilation.

Finally, in Publ. V, the positron annihilation spectroscopy results on GaSb

are presented. As-grown GaSb is always p-type regardless of its growth

method. Doppler broadening spectroscopy and positron lifetime measure-

ments on unintentionally p-type and Te doped n-type GaSb revealed that

two traps compete for positrons, the gallium vacancy and the gallium an-

tisite. At low temperatures negatively charged gallium antisites dominate

the trapping, whereas at higher temperatures the probability for positron

to be trapped to Ga vacancies increases. Estimations on defect concentra-

tions indicated that Ga antisites are nearly an order of magnitude more

abundant compared to that of Ga vacancies.
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