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Abstract

The fundamental properties of deep luminescence centres in Si associated with tran-

sition metals such as Cu, Ag, Au, and Pt have been studied for decades, both as

markers for these deleterious contaminants, as well as for the possibility of efficient

Si-based light emission. Due to the high diffusivity and solubility of these metals,

these are among the most ubiquitous luminescence centres observed in Si, and have

thus served as testbeds for elucidating the physics of isoelectronic bound excitons and

for testing ab-initio calculations of defect properties.

While these deep isoelectronic bound exciton centres have been studied exten-

sively with many different methods, the actual composition of most centres could

not be determined with certainty. Only the recent availability of high quality, highly

enriched 28Si made it possible to advance the knowledge of the constituents of these

complexes. The greatly improved spectral resolution resulting from the elimination of

inhomogeneous isotope broadening in isotopically enriched 28Si enabled the extension

of the established technique of observing isotope shifts to the measurement of isotopic

fingerprints. These isotopic fingerprints reveal not only the presence of a specific ele-

ment, but also the number of atoms of that element involved in the formation of a

given luminescence centre. This technique has revealed that the detailed constituents

of all of the centres previously studied had been identified incorrectly.

In this work, the results of ultra-high resolution photoluminescence studies of

these centres in specially prepared 28Si samples are discussed. In addition, new cen-

tres were discovered revealing the existence of several different families of impurity

complexes containing either four or five atoms chosen from Li, Cu, Ag, Au, and Pt.

The constituents of all these centres have been determined, together with no-phonon

transition energies, no-phonon isotope shifts, local vibrational mode energies, and

the isotope shifts of the local vibrational mode energies. The data presented here for

these deep centres should prove useful for the still-needed theoretical explanations of

their formation, stability, and properties.
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Chapter 1

Introduction

1.1 Transition metals in silicon

Deep photoluminescence (PL) centres associated with transition metals (TM) in Si

have been studied for several decades. There has been interest in these centres as

markers for the detection of various transition metal contaminants, which have dele-

terious effects on semiconductor device performance, even at very low concentra-

tions [1–3]. The strong PL of TM impurities in Si even at small concentrations (high

intensity and efficiency) [4], the rapid diffusion of some of the impurities [5] and the

possibility to use these efficient isoelectronic bound exciton (IBE) PL centres as a

Si-based light source [6] have led to a significant research interest over time. Several

different characterization methods have been used on these centres:

• PL under strain or in a magnetic field to determine their crystallographic sym-

metry [7, 8];

• PL excitation experiments to study the centre’s excited states [9];

• Controlled diffusion with specific, pure metals to produce certain centres, which

did not eliminate the often unrecognized problem of unintentional contami-

nants [10];

• Controlled diffusion of specific isotopes into silicon to observe a small isotope

shift [8];

1



CHAPTER 1. INTRODUCTION 2

• The relationship between impurity content and the observed PL intensity [8, 11];

• The use of radioisotopes to determine the involvement of specific elements by

observing the PL intensity with respect to the decay time [12];

• The connection between TM PL centres and corresponding deep level transient

spectroscopy (DLTS) centres [13].

However, while much has been learned about these centres, none of these methods

could give a definitive answer regarding the number of atoms of a given element

contained in a centre, and the actual composition often remained under debate.

1.2 Isotopically enriched silicon

Recently, optical studies of isotopically enriched 28Si have given rise to a number of

unforeseen results due to the significantly reduced spectroscopic linewidths, which

result from the elimination of inhomogeneous isotope broadening [14, 15] inherent to
natSi, and often is the determining factor in the observed linewidth. These results

span the fields of shallow [15–20] and deep [21, 22] impurity infrared absorption

spectroscopy, shallow bound exciton (BE) PL [14, 18, 23–25], photoluminescence

excitation (PLE) spectroscopy [18, 26–30], and deep centre PL spectroscopy [31–36].

The deep PL centres are often found to be isoelectronic bound exciton (IBE) centres

with a relatively large PL efficiency and a long lifetime when compared to shallow

donor and acceptor BE in Si. The reduced spectroscopic linewidths have resulted in a

new and powerful method of characterizing the constituents of these deep IBE centres

in Si. It is now possible to observe so-called fingerprints of the different isotopes and

elements constituting a given PL centre. The availability of 28Si proves that an early

suggestion regarding the detrimental influence of the isotope distribution of the Si

host material on the PL linewidths of IBE centres is correct [37].

1.3 The experiment

Isotopically enriched 28Si was used to examine isotopic fingerprints of many previously

studied IBE centres and to describe a number of closely related, newly discovered cen-
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tres. The reduced spectroscopic linewidth of 28Si enabled this novel research method,

which can deliver valuable new information concerning the actual composition of

deep impurity centres. The comprehensive data presented here includes isotopic fin-

gerprints of all studied centres, and the no-phonon (NP) PL energies and their isotope

shifts. Many of the observed NP PL lines show local and pseudo local vibrational

mode (LVM/pLVM) replicas. The energies and isotope shifts of these replicas are

presented as well. These results provide valuable input for the much-needed theo-

retical studies and modelling of the impurity centres that will explain the formation

and properties of these ubiquitous complexes. Initial modelling attempts have been

hampered by the incorrect assignment of constituents based on earlier experimen-

tal results. On the basis of preliminarily published results of this research project,

some modelling efforts for the prototypical 1014meV Cu4 centre have already begun

[38–43].

This thesis begins by providing some necessary background information in Chap-

ter 2. After introducing the concept of IBE, their formation, and their characteristic

LVM replicas, impurity isotope effects due to different isotopes within the IBE cen-

tre, and host isotope effects of the Si crystal are discussed. Many of the IBE centres

studied here have been extensively discussed in the literature, therefore, in Chapter 3

these earlier publications on experimental, as well as theoretical, results are reviewed.

The experimental methods employed in this thesis, including a discussion about the

sample preparation methods and Fourier transform spectroscopy, are introduced in

Chapter 4. Finally, the most recent experimental results are presented in Chapter 5

and discussed in Chapter 6, while Chapter 7 provides the conclusion.



Chapter 2

Theoretical Background

This chapter provides the necessary background information to understand and an-

alyze the experimental results presented as part of this thesis. The formation and

characteristic properties of IBE are explained, followed by a look at different isotope

effects and the local vibrational mode (LVM) replicas of IBE. Finally, the effects of

transition metals (TM) in Si is examined, with special attention given to Cu.

2.1 Bound excitons

The PL centres studied here are characterized as IBE. To better understand IBE,

it is important to first look at bound excitons (BE). A BE is an electron-hole pair

that is localized at an impurity or defect, as illustrated for a donor BE in Figure 2.1.

The BE can also be understood as a localized electronic excitation of the binding

centre. Because the excitation is localized, all BE centres share one very important

characteristic: their transitions are exceptionally sharp because the excitation has no

net translational kinetic energy. This characteristic is in strong contrast to the free

exciton (FE) or other intrinsic processes, which possess kinetic energy according to the

Boltzmann distribution, thus having a PL lineshape which is a Maxwell-Boltzmann

distribution. This property was recognized by Haynes [44] in the first report of PL

due to BE in a semiconductor, namely Si, and further investigated by Dean et al.

[45].

4
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+

–
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+

Donor 

Bound Exciton

–

–

+ +

Acceptor 

Bound Exciton

Figure 2.1: Schematic diagram outlining the structure of donor and acceptor BE,
respectively. The donor BE consists of a positive core with two bound electrons and
one bound hole. The acceptor BE binds two holes and one electron to a negative
core.

These initially reported BE were not IBE, but rather BE associated with neutral

shallow donor impurities such as As or P and shallow acceptor impurities such as B

in Si, and they possess many properties that are quite different than those typical of

IBE. The shallow donor and acceptor BE usually have a very small localization energy,

which is the energy required to dissociate the BE into a neutral impurity and a FE

with zero kinetic energy. Their PL is therefore just below the actual band gap energy

of the host, with the no-phonon (NP) transition located at the band gap energy

minus the FE binding energy and the BE localization energy. Furthermore, this

energy closely tracks the band gap energy as a function of for example temperature

or hydrostatic pressure. Due to the indirect band gap of Si and the requirement for

wavevector conservation, the NP transition is weak, allowed only by scattering from

the central cell potential of the impurity ion, since the localization arises mostly from

the Coulomb interaction and the exchange/correlation energy of the mobile electronic

particles. Much of the PL (or absorption) intensity of these shallow BE occurs with

the participation of wavevector conserving phonons (WCP). This leads to phonon

replicas where the wavevector difference between the top of the valence band and

the bottom of a conduction band is accommodated by the emission (the only process

possible at low temperature) of an appropriate phonon. In Si, the dominant WCP

replica is the transverse optical (TO), but the longitudinal optical (LO) and transverse

acoustic (TA) WCP also result in relatively strong replicas. Another consequence of
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the indirect band gap for the shallow donor and acceptor BE is the very low PL

quantum efficiency that results from the long radiative lifetime, thus leading to the

dominance of nonradiative Auger decay [46, 47]. Further details of shallow donor and

acceptor BE in Si are found in several reviews [48, 49].

2.2 Isoelectronic bound excitons

An IBE is an electron-hole pair bound to a neutral, isoelectronic impurity in a semi-

conductor. The term originated from cases where the binding centre is a single

isoelectronic substitution from the same column of the periodic table as the atom

being replaced, therefore having the same number of valence electrons. Unlike donor

or acceptor impurities, which come from different columns of the periodic table than

the host atom they are replacing, these substitutions do not change the valence or

bonding, therefore we would not expect “doping” effects from the release of weakly

bound electrons or holes. Some of the first spectroscopic observations on such iso-

electronic impurity centres were made by Dietz et al., Thomas et al., Trumbore et al.

and Hopfield et al. [50–53]. These centres were characterized as isoelectronic traps

where, for example, N substitutes for P in GaP (GaP:NP) [51], or GaP:BiP [52], or

ZnTe:OTe [53]. Hopfield et al. [53] were also the first to distinguish between isoelec-

tronic donors (GaP:Bi) and acceptors (ZnTe:O) due to the similarity of the excited

state optical spectrum to shallow donors and acceptors. They are also referred to

as donor- and acceptor-like IBE, or as isoelectronic pseudodonors and isoelectronic

pseudoacceptors.

For Si, no such simple substitutional IBE exist. Substitutions with the group IV

elements C, Ge, Sn, and Pb do not result in centres capable of localizing a carrier

or exciton. This experimental fact was explained by Baldereschi and Hopfield [54],

who showed that the localization energies of such simple single substitutional IBE

could be reasonably well explained by proper consideration of screening and lattice

relaxation. They also predicted that unlike shallow donor and acceptor BE, the

hydrostatic pressure shifts of IBE could be quite different from those of the band

gap – a typical characteristic of deep centres. Eventually, it was discovered that

the formation of IBE centres having complex, multi-atom cores in Si is possible and
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that they show the same characteristics of the aforementioned single-substitutional

IBE. As a consequence of this added complexity, the structure of IBE centres in Si

is typically more complicated and their symmetry is lower than cubic. Many of the

early studies on IBE in Si give special attention to the determination of the binding

centre’s symmetry. The properties and details of IBE, with a particular focus on Si,

are discussed in a number of reviews [4, 37, 55–59].

The first PL centre identified as an IBE in Si was described by Weber et al. [60].

The so-called A, B, C centre was first suggested to contain C [60], which was later

revised [61] and evidence of N [62] and later Al-N [63] being part of this centre was

presented. The A, B, C centre was shown to have trigonal, or C3v symmetry, and to

be an acceptor-like IBE [10, 64]. Almost at the same time, another PL system, the

long-lived P, Q, R PL lines were reported in In-doped Si and attributed to In related

IBE by Mitchard et al. [65]. Shortly thereafter, Weber et al. [66] and Thewalt et al.

[67] independently discovered that the P, Q, R system could be greatly enhanced

by rapidly quenching In-doped Si from ∼800◦C to room temperature. Weber et al.

[66] suggested that the centre was an In-Fe pair. A similar system, with the same

enhancement due to rapid thermal quenching, was then discovered in Tl-doped Si [68–

71]. While Schlesinger and McGill [69] first supported the incorporation of Fe in the

In- and Tl-related IBE centres, this proposal was later cast into doubt when the

same group failed to observe any isotope shift in the PL transitions when diffusing

in different Fe isotopes [72]. To this day, the detailed constituents of the In- and

Tl-related IBE centres remain unknown.

The discovery of the role of thermal quenching in the creation of IBE centres in

Si [66, 67] has since played an important role in the study of these centres. This

treatment facilitates the formation of impurity complexes that incorporate TM, as

their high solubility and diffusivity at high temperatures would otherwise drive these

impurities to the sample surface during a slow cool-down process. Rapid quenching

“freezes in” a large supersaturation of interstitial TM into the Si bulk. Thermal

quenching is necessary to obtain strong PL for most IBE centres studied here.

Soon after the discovery that the PL of the In-related IBE could be greatly en-

hanced by thermal quenching, an intense IBE system with NP lines at ∼1014meV

was reported by Weber et al. [8] and Watkins et al. [73], and ascribed by the former to
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recombination at a Cu-pair centre. The 1014meV “Cu-pair” centre is prototypical of

the TM-containing centres whose constituents have been re-evaluated by the isotopic

fingerprint technique, which are the focus of this thesis. The many previous studies

of TM-containing PL centres are discussed in greater detail in Chapter 3.

One of the few IBE centres in Si whose identity was firmly established before the

advent of isotopic fingerprints was the Be-pair centre, first reported by Henry et al.

[74]. This centre, in which two Be atoms replace a single Si atom, has been studied

extensively. Most of the techniques that have been applied to IBE centres, including

uniaxial stress and Zeeman spectroscopy, PL lifetime versus temperature studies, and

spectroscopy of the IBE excited states have been used, establishing an acceptor-like

character [74–85].

2.2.1 IBE binding mechanism

In Si, no simple isoelectronic group IV substitutions form IBE centres [54], but com-

plexes of other elements can form an isoelectronic binding centre. In the ground state

these centres introduce no additional charge to the system, but they may bind a

charge carrier in their local central-cell potential, which has a short range character,

leading to a high localization of the charge carrier. The central-cell potential is caused

by local effects, such as differences in the local electronic bonds between the impurity

defect centre and its lattice neighbours, compared to the character of the bonds in

a perfect, undisturbed crystal. Hopfield et al. [53] first pointed out the possibility

of creating two different centres—if the energy of the s orbital is lowered, the centre

can attract an electron from the conduction band; if the energy is increased, a hole

from the valence band can be bound. The centre then possesses a Coulomb field

and can capture another particle of opposite charge, making it neutral again [57, 59].

A centre that first captures an electron and then a hole is called an acceptor-like

IBE. If the centre captures a hole first, subsequently attracting an electron, then it is

called a donor-like IBE [53]. The highly localized charge of the primary particle leads

to a lattice relaxation, which, in turn, reduces the energy of the particle [4]. The

electron-hole pair can then be described as an exciton localized at the isoelectronic
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Figure 2.2: Schematic diagram outlining the differences between a regular donor and
a donor-like IBE. Also shown is a diagram for an acceptor-like IBE. The central-cell
potential tightly binding the primary particle in isoelectronic centres is indicated,
as well as the resulting Coulomb potential, which, in turn, attracts the secondary
particle. The Coulomb potential due to the core charge is also shown for the regular
donor. [59]

impurity centre, hence the name isoelectronic bound exciton (IBE) centre. Figure 2.2

illustrates the differences between regular donors and donor/acceptor-like IBE.

In the case of a donor-like IBE centre, the core tightly binds a hole with a binding

energy of a few hundred meV, and the resulting positively charged centre then binds

an electron in a shallow effective mass orbit with a binding energy of much less than

0.1 eV [9], usually in the range of 30-40meV [8].

The bound electron of a regular neutral donor experiences a long-range Coulomb

potential already in the ground state due to the charged core. Defining the ground

state of the IBE centre as having no electrons or holes bound to the neutral core,
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there is no Coulomb potential in the ground state of the IBE. The Coulomb potential

only exists for the bound exciton state due to the charge that is tightly bound to

the core [86]. Labelling the levels according to Td symmetry, for a donor-like IBE

only transitions from 1s(A1) to the ground state of the IBE centre are observed in

PL spectroscopy. 1s(A1) forms the ground state of the BE. For a regular donor the

ground state is the 1s(A1) level, and observable transitions are between higher excited

states and this ground state.

The excited states of the donor-like IBE are then EMA states in the Coulomb

field of the tightly bound hole, with the difference that, in this system, the electron

spin can couple to the hole spin, whereas for a neutral donor the interaction with

the positive core is taken to be only Coulombic. This spin coupling is the source

of the splitting of the IBE ground state into a multiplet, as described in detail in

Section 2.2.3. An alternative view of a donor-like IBE would be to think of it as a

very deep neutral donor, effectively designating its ground state as the 1s(A1) level.

To experimentally determine whether an IBE has a donor or acceptor character,

the excited states of the Coulombically bound particle have to be studied. This can

be done either with absorption or photoluminescence excitation (PLE) experiments.

Photoluminescence experiments at elevated temperatures are difficult because the

PL of IBE centres usually vanishes. The excited states that can be observed in these

experiments are very similar in character to effective mass approximation (EMA)

states of shallow impurities. The central-cell potential only causes minor changes

to the extended EMA p-states of the impurity centre, but those s states that have

a nonvanishing amplitude of their wavefunctions at the defect site are significantly

altered by valley-orbit-interaction [87, 88]. This behaviour has been shown for the

excited Coulomb states of other deep donors; for example, for S and Se related cen-

tres [21, 22, 89], and for deep acceptors such as Au and Pt [90–92].

2.2.2 Characteristic properties of isoelectronic

bound excitons

For many regular shallow donor or acceptor defects, the BE recombination is usually

weak or even nonradiative due to strong nonradiative Auger effects [46, 47]. The
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Auger effect causes the resulting BE recombination energy to be used to ionize the

remaining donor electron (acceptor hole) into the conduction (valence) band, leaving

behind an ionized impurity centre. The resulting low optical quantum efficiency

makes PL studies difficult, but absorption spectroscopy experiments on these centres

can still be useful.

In contrast, IBE centres do not suffer from Auger recombination because they

have only a single electron and a single hole. The IBE lifetime is determined by

the radiative recombination probability of the exciton [4, 58] because IBE have a

near-unity quantum efficiency [4, 55, 59]. A further effect is the relaxation of the

requirement for wavevector conservation, which results from the strong localization

of one of the trapped carriers. Therefore the PL of IBE is characterized by strong

NP lines and very weak or absent WCP replicas. In addition, IBE have a narrow

electronic transition energy, reflected in a sharp line in optical spectra, which is an

important property for the experimental results presented here.

In the ground state, when no exciton is bound, IBE centres introduce no net

charge to the system, therefore they are also spinless [58]. The exciton binding energy

or localization energy EBE can be determined through the band gap energy EG, the

energy of the free exciton EFE and the measured NP photon energy hν (reference [58],

values for natSi):

EBE = EG − EFE − hν

= 1169.9meV− 14.7meV− hν

= 1155.2meV− hν

2.2.3 Electronic levels of isoelectronic bound excitons centres

The electronic level scheme of the ground states of donor-like IBE centres is a result

of the electron-hole coupling of the spin of the hydrogenic electron and the tightly

bound hole [58]. Through their Coulomb fields the S = 1/2 electrons and the S = 3/2

holes are j-j -coupled, splitting the energy level into a 3-fold degenerate J = 1 and a

5-fold degenerate J = 2 level with the separation being the j-j exchange energy [93].

In addition to this effect, lattice distortions introduced by the presence of the defect
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centre partially lift the degeneracies of electron and hole states [93]. This internal

strain splits the mh = ±3/2 hole states from the mh = ±1/2 hole states. In the

presence of both j-j interaction and internal strain splitting and in absence of any

external strain or magnetic fields, the exciton ground state manifold can split into a

total of up to five levels |J,M〉, where M is the z -component of J :

|1, 0〉 , |1,±1〉 (2.1)

|2, 0〉 , |2,±1〉 , |2,±2〉 (2.2)

These ground state splittings of the exciton can range from sub-meV to several meV

in Si. Transitions from IBE states having J = 2 are forbidden in the dipole approx-

imation. Luminescence from such forbidden transitions is usually extremely weak,

but still visible due to higher order effects. This can result in dramatic changes in

the PL spectrum and PL lifetime even between 4.2K and lower temperatures, due

to thermalization between the ground state components. This is particularly true if

the lowest energy ground state component is forbidden, in which case the NP PL

can essentially disappear in the limit of low temperature, leaving only the phonon

and local mode replicas. An example of this is the 1066meV Cu4Au centre, which is

detailed in Section 5.2.3 [94].

The actual symmetry of a given defect centre can often be determined in Zeeman

or uniaxial stress experiments, but the observed symmetry in PL can be lower than the

actual symmetry of the complex due to lattice distortions caused by the IBE [4, 95].

2.3 Isotope effects

The IBE centres studied here using PL display isotope effects due to two different

sources. One source is the isotopic constitution of the Si host crystal, which has

a number of different effects. Hence the isotopic enrichment of the samples used

for the experiments discussed here plays a major role in the results of this project.

The second source is the varying isotopic mass of the constituents of the IBE centre,

causing an isotope shift in the observable PL signal, which is ultimately responsible

for the observed isotopic fingerprint fine structure.
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2.3.1 Host isotope effects

Before many host isotope effects were discovered with the help of isotopically en-

riched 28Si, many properties of semiconductors and their defects, such as their band

gap or impurity transition energies, had been explained using the virtual crystal ap-

proximation (VCA) [23]. In the VCA, a real crystal that is composed of several

different isotopes is approximated by a perfect crystal with a constant mass through-

out the lattice sites. This mass is the average isotope mass of the actual atoms. As

a consequence, in the VCA a crystal made of a single isotope would have the same

properties as a crystal that is composed of several different isotopes with the same

average isotopic mass. The VCA was thought to be an adequate approximation, as

expected isotope effects would be small and below detection limits. Only later ex-

periments with highly enriched 28Si revealed that many effects that were originally

thought to be intrinsic or fundamental limits of a given system, were indeed a result

of the isotopic randomness of natSi [23]. Optical studies of isotopically enriched 28Si

have given rise to a number of unforeseen results, due to the significantly reduced

spectroscopic linewidths that result from the elimination of inhomogeneous isotope

broadening [14, 15]. As mentioned in the introduction, these results range from shal-

low [15–20] and deep [21, 22] IR absorption spectroscopy over BE PL [14, 18, 23–25]

and PLE [18, 26–28, 30] spectroscopy, to the deep IBE PL spectroscopy discussed

here [31–36].

2.3.1.1 Inhomogeneous isotope broadening

One goal of optical defect spectroscopy has always been to obtain the narrowest pos-

sible optical linewidth, as this opens the possibility to study defects at a much higher

resolution and to observe otherwise hidden fine structure. In early spectroscopic stud-

ies of impurity centres in Si, the widths of optical absorption or emission lines resulting

from transitions between the electronic ground state and a bound excited state of the

impurity centre (or vice versa) were dominated by inhomogeneous fields and inter-

impurity interactions as a consequence of high impurity concentrations and imperfect

crystals. Progress was made in controlling the crystalline perfection and the chemical

purity of Si single crystals, reducing the linewidth of optical transitions. The quality
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of the Si samples came to a point where no significant improvement in linewidth could

be observed. This fact suggested that a fundamental lifetime broadening limit had

been found and that all inhomogeneous broadening effects were eliminated. Barrie

and Nishikawa [96, 97] proposed that this lifetime broadening was a result of phonon-

assisted transitions from the excited state to other near-lying states. This mechanism

was in reasonable agreement with the observed linewidths in high quality Si samples

until recently, and therefore was assumed to be the limiting factor for the achievable

linewidth [98]. The possibility of inhomogeneous isotope broadening in Si was men-

tioned very early in a review by Davies [37], but high purity, highly enriched Si was

not available until much later. The advent of isotopically enriched Si immediately

showed that the isotopic composition and isotopic randomness of the host material

had a strong influence on the observed linewidth of optical absorption and emission

transitions. Karaiskaj et al. [14] reported the first high resolution PL study of isotopi-

cally pure 28Si. Subsequent studies have made it clear that the dominant broadening

mechanism for many impurity absorption lines in natSi is not the lifetime broadening

as had been thought. Rather the inhomogeneous broadening is a result of the isotopic

randomness present in natSi [14, 15, 18, 23, 99]. It has been shown that isotopically

enriched Si is key to achieving narrower optical transition linewidths than what was

possible before.

The inhomogeneous broadening of PL transitions has been shown to result from

local fluctuations in the band gap energy [14]. The dependence of the band gap

energy on the isotopic composition of the crystal has been shown before for C (di-

amond) [100], Ge [101] and Si [98]. It was explained to result primarily from the

effect of the average isotopic mass on the electron-phonon interaction, with a smaller

contribution from the change in lattice constant. The resulting effect of statisti-

cal fluctuations of the band gap energy in the effective volume of an exciton leads to

inhomogeneous broadening of the PL line. The removal of this inhomogeneous broad-

ening has been observed for the first time in a semiconductor for shallow impurities

in 28Si [14]. The observed reduction in linewidth was found in accordance with an

effective excitonic volume of radius ∼3.5 nm.

After removing the inhomogeneous broadening by using isotopically enriched host

material, 28Si in this case, the observed optical linewidths are much narrower. If one
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were able to remove all inhomogeneous broadening, only homogeneous broadening

due to the actual lifetime of the excited state would be left, indicated by a Lorentzian

line shape. The lower limit to the observed linewidth is dictated by the uncertainty

principle ∆E τ = ~/2. The longer the lifetime τ , the smaller the energy uncertainty

∆E and the full-width at half-maximum (FWHM). The lifetimes of IBE are very

long (see for example Section 3.1), and the observed linewidths clearly show that the

FWHM of IBE PL transitions are not lifetime limited. After removing the inhomoge-

neous isotope broadening, effects such as random electrical fields or strains continue

to contribute to the observed linewidth.

2.3.1.2 Other host isotope effects

By using samples of different isotopic Si compositions, the effect of the isotopic com-

position of the crystal on the indirect band gap of Si was shown [16–18]. The shift

between natSi and 28Si was determined to be 114µeV, with 28Si having the smaller

gap energy. Consequently, this effect can be observed in the NP transitions reported

here as well, albeit to a smaller extent due to the deep character of the studied IBE

centres. For example, in 28Si the NP transition energy of Cu4 is downshifted by about

62µeV from natSi.

Other host isotope effects include the removal of the “intrinsic” acceptor ground

state splitting in 28Si [23, 102]. The influence of the average atomic mass of the host

on the host phonon frequencies and isotopic randomness can have more subtle effects

on the phonon spectrum [16], especially the thermal conductivity [18]. However, since

WCP replicas do not play a major role in the study of IBE transitions, there is little

consequence on the spectroscopic results of these centres.

The increased sharpness of shallow BE transitions in 28Si has also enabled the

observation of the temperature dependence of the bandgap EG of Si for temperatures

T < 4.8K [23, 103]. It was found that EG ∝ T 4 for T → 0K, in agreement with

theory [103].
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2.3.2 Impurity isotope shift

Isotopic substitutions within a given impurity centre can lead to a shift in the NP lines

of IBE in optical spectra, as well as of their LVM and pseudo LVM (pLVM) replicas.

These shifts can be of variable size depending on the impurity mass, the difference in

isotope masses, and the complex itself. Typically, these shifts are very small and they

can only be resolved in high quality samples with the highest spectroscopic resolution.

Before highly purified 28Si was available for optical spectroscopy experiments, this

shift could be observed in natSi [8]; however, because the isotope shift is almost always

smaller than the PL linewidth in natSi, only a simple shift of the NP line could be

observed. While this would confirm the presence of that element in the binding

centre, no conclusion could be made about the number of atoms of that element in

the binding centre. One notable exception to this limitation of natSi is the lithium

vacancy complex Li4 VSi, where isotopic fingerprints could be resolved in natural

Si [37, 104–106]. This complex was thought to be a special case, since the very light

Li atoms resulted in extremely large NP isotope shifts.

A quantitative explanation of the isotope shift of NP transitions due to electronic

transitions at deep centres was given by Heine and Henry [107]. NP transitions do

not involve WCP, but both, the initial state and the final state include the zero-point

energy of all the lattice vibrations E0 =
∑

i 1/2 ~ωi. A change in the state of the

electronic system causes a change in the force constants between the atoms, and,

therefore in the vibrational frequency ωi. For example, a hole weakens the covalent

bonds in a tetrahedral lattice and lowers ωi. This is normally part of the total

transition energy, and not observable separately. Similarly, an isotopic substitution of

a defect centre also causes a finite change in zero point energy due to the mass change,

however, because it is the same for initial and final states, it is also unobservable. But

there is a cross-term between the mode softening caused by binding a carrier (electron-

phonon interaction) and the isotopic substitution, which is measurable and constitutes

the isotope shift that is observed in optical spectra of the NP lines [107, 108].

In a simple description of this isotope shift [107], we consider an oscillator with

a force constant Λ and Mω2 = Λ. Suppose the presence of the carrier lowers Λ by

a fraction of γc through the electron-phonon interaction. Because the electron wave



CHAPTER 2. THEORETICAL BACKGROUND 17

function is spread over a number of atoms in the lattice, the force constant is softened

with a probability P .

ω2 =
Λ

M
(1− γcP ) (2.3)

Now we substitute the mass M with M + ∆M and expand to the lowest power of

∆M and ∆ω [107] and obtain:

ω2 + 2ω∆ω = Λ

(
1

M
− ∆M

M2

)

(1− γcP ) (2.4)

=
Λ

M

[

1− γcP
︸︷︷︸

mode
softening

− ∆M

M
︸ ︷︷ ︸

isotopic
substitution

+ γcP
∆M

M
︸ ︷︷ ︸

isotope shift
cross term

]

(2.5)

The resulting terms are the mode softening, the isotopic substitution and the isotope

shift cross term. Hence, the observed change in frequency due to the isotope shift

cross term is then the cross term itself [107]

∆ω =
1

2ω

Λ

M

∆M

M
γcP. (2.6)

This makes the isotope shift S for all three modes of vibration

S =
3

2
~∆ω (2.7)

=
3

4

~

ω

Λ

M

∆M

M
γcP. (2.8)

And for γcP � 1 we obtain

S ≈ 3

4
~ω

∆M

M
γcP. (2.9)

The isotope shift S depends inversely on the actual mass M so that isotopic substi-

tutions of lighter atoms have larger isotope shifts.

P is the probability for a bound carrier to be in the vicinity of the impurity

and its nearest neighbour bonds. For regular donors and acceptors, this probability



CHAPTER 2. THEORETICAL BACKGROUND 18

is relatively small due to the EMA-like states of the carrier, but P is much larger

for isoelectronic traps where the primary carrier is tightly bound in the central-cell

potential. Naturally, in both cases the probability increases with increased binding

energy. As a result, there is no sizeable shift for strictly hydrogenic centres [107],

with a notable exception being B in Si, where the observed isotope shift is unusually

large [15, 20]. Generally, however, the more the central-cell correction pulls the wave

function into the core, the larger the observable shift. So for deep centres, such as

those discussed here, the wave function is localized enough to result in a significant

probability P [107] and, therefore, a significant isotope shift of the optical transitions

can be observed.

2.4 Local vibrational mode replicas

Due to the character of IBE, the need for wavevector conserving phonons during

the electron-hole recombination is lifted, but usually not the entire PL intensity is

contained in the NP transition. Most IBE centres have local vibrational mode replicas.

Lattice relaxation plays an important role in the IBE binding mechanism because

it can bring with it strong vibronic coupling effects, as studied in detail for the A,

B, C centre by Davies et al. [109]. Further details of vibronic effects can be found

in the reviews by Davies et al. [37, 110]. In some cases, the vibronic sideband of an

IBE transition can map out the entire phonon density of states for the host Si lattice.

However for other centres, the vibronic coupling can be dominated by vibrational

excitations of the binding centre itself. These excitations are often referred to as local

vibrational mode (LVM) replicas, although, strictly speaking, a true local mode must

not be resonant with the host lattice modes. In the case of Si this means that it

must have an energy larger than ∼65meV, resulting either from the vibration of a

constituent lighter than Si or from an increased bond strength. Here the term LVM

is reserved for such true local modes, an example of which is the 104.7meV mode

seen for the Be-pair centre by Henry et al. [77]. Other such LVMs are discussed in

Chapter 5 in connection with TM-containing IBE that also contain Li, a constituent

with a very small mass.
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Most IBE centres display a very characteristic spectrum of low energy satel-

lites [58], which are vibrational replicas of the NP line. These satellites are not

wavevector conserving crystal modes or high energy LVM, but in-band resonant modes

due to local vibrations of the impurity centre in resonance with the Si lattice modes.

They have relatively well defined energies and we refer to them as pLVM. Most of

the TM-containing IBE centres that are discussed here display very characteristic

spectra of pLVM replicas, with energies in the range of 6 to 11meV. It should be

emphasized that these characteristic pLVM replicas of the TM-containing IBE pre-

viously observed in natSi samples were also observed in the same 28Si samples from

which the isotopic fingerprint results were obtained, thus confirming that the same

centres were being studied.

It is generally not known which atomic displacements are involved in these pLVM

modes, which makes the calculation of mode energies from first principles diffi-

cult [111]. For both kinds of vibrational mode replicas, the mode energy depends

on the constituents of the luminescent impurity centre, hence the energy changes

with the constituents’ isotopic masses [107].

The energies of these LVM and pLVM replicas can provide an important test for

models of the binding centres. As discussed in Chapter 3, Estreicher and cowork-

ers have recently calculated the stability and vibrational properties of many Cu-

containing complexes to provide detailed models for the structure of these com-

plexes [111–115]. An early example of such modelling is the ab-initio local-density

calculation of the stability and vibrational properties of various Be-containing defects

by Tarnow et al. [84], who predicted a [111] oriented substitutional-interstitial pair

as the lowest energy configuration of a Be-pair in Si and further predicted the LVM

energy for this configuration. The observation of an LVM replica for the Be-pair IBE

centre at almost exactly this predicted energy by Henry et al. [77] provided strong

confirmation of the substitutional-interstitial configuration of the defect.
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2.4.1 Isotope effects on vibrational mode replicas

Isotopic substitutions of the binding centre constituents can have a relatively large

effect on the LVM and pLVM replicas associated with these IBE. In a simple approx-

imation, the energy of a vibrational mode is given by the proportionality

Ep ∝
1√
M

, (2.10)

where M is the mass of the vibrating body. Thus it is expected that the vibrational

mode energy Ep changes with the isotopic composition of the IBE centre if a given

mode primarily involves the motion of one constituent atomic species. These shifts

can be measured with respect to the NP line. However, the heavier the vibrating

mass, the smaller the observable difference in energy for different isotopes. Also,

vibrational mode replicas have an inherent spectroscopic linewidth. Thus the possi-

bility of observing these relatively large shifts (as compared to NP shifts) is usually

limited by signal-to-noise considerations and other limiting factors, like overlapping

nearby modes.

This effect has indeed been used in the past to prove the presence of specific

elements in an IBE binding centre. The pLVM range in energy between 6 and 11meV

for the IBE centres studied here, and they can usually be attributed to heavy impurity

atoms. In literature, the observed isotope shifts are often quoted as ratios

rE =
Ep(Il)

Ep(Ih)
, (2.11)

where Ep is the vibrational mode energy, and Il and Ih symbolize the lighter and

heavier isotopes of a given impurity element, respectively. Due to the inverse propor-

tionality of Ep and M , these ratios can be compared to the square root of the ratio

of the heavier isotope’s mass number over the lighter one

rm =

√

m(Ih)

m(Il)
. (2.12)

Table 2.1 lists rm for some of the elements used in this study.
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Table 2.1: In a simple approximation, the ratio rE = Ep(Il)/Ep(Ih) of the energies of
LVM of light (Il) and heavy (Ih) impurity isotopes is expected to behave inversely to
the ratio rm =

√

m(Ih)/m(Il). The ratios rm for the isotopes used in these studies
are given here.

Ih Il rm
65Cu 63Cu 1.016
109Ag 107Ag 1.009
197Au 195Au 1.005

2.5 Transition metals in Si

Transition metal impurities in Si exist in different charge states—they can occupy

substitutional and interstitial lattice sites, and they can form complexes with them-

selves and with other impurities [10]. In this section, some of the TM used here are

introduced before some general effects of TM on Si are discussed. Finally, the solu-

bility and diffusivity of Cu in Si are reviewed in greater detail, because Cu is central

to the formation of almost all IBE centres discussed in this work.

Cu The TM Cu has three characteristic properties: It always diffuses interstitially

in a positive charge state, only has a weak interaction with the Si lattice, and,

upon the formation of silicides, a large lattice expansion is observed. Together,

these properties are mainly responsible for the behavior of Cu in Si [5]. The

optical centres discussed here form at relatively low Cu concentrations, and

precipitation is generally avoided in this research. Cu is fairly ubiquitous and

is a very fast diffuser in Si, therefore it is problematic in Si processing steps

that involve elevated temperatures. Substitutional Cu forms a deep impurity

centre in Si, with energy levels near the middle of the band gap. Hence the

conductivity and free carrier lifetime of the Si semiconductor is modified [8].

Many deep impurities form complexes with other impurities and it was thought

that Cu would do the same. After the initial discoveries of the role of Cu in the

formation of defects in Si, Cu has started to play an important role for gaining

understanding of the many aspects of fundamental defect physics [116].
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Pt As an unintentional contaminant, Pt usually poses a minor problem, as it is not

very prevalent in the environment [3]. However, with its high carrier capture

cross section, Pt is commonly used in device engineering to decrease the minor-

ity carrier lifetime to increase the switching speed of silicon devices [3]. At high

temperatures, Pt is a quick interstitial diffuser in Si, but Pt can also occupy

substitutional sites at a much slower rate via a kick-out mechanism, leaving be-

hind Si self interstitials [3]. The solubility of interstitial Pt in Si is low, and after

a suitable diffusion process at 800-900◦C the concentration of substitutional Pt

surpasses that of interstitial Pt. As a consequence, low temperature annealing

does not alter the Pt content of a Si sample significantly [3].

Au In Si, Au is a strong recombination centre and concentrations of much less than

1012 cm−3 impact device performance [3]. The diffusion behavior of Au is very

similar to that of Pt, but the required diffusion temperature is lower (500◦C).

After cooling the sample, Au remains on substitutional lattice sites, which it

occupies through the kick-out process [3].

Ag As a fast diffuser, Ag is assumed to diffuse interstitially. Because of the similar-

ity of Au and Ag donor and acceptor levels after high temperature diffusion,

it is assumed that Ag forms substitutional defects [3]. As with Pt and Au,

defect concentrations are found to be much higher for Si samples that contain

dislocations.

2.5.1 Effect of transition metals on Si

The effects of TM on Si were an early research topic and Hopkins et al. [1] and

Rohatgi et al. [2] recognized the deleterious effect of Ti, Fe, and Cu on the efficiency

of Si solar cells. A further review of TM in Si was published by Weber [117]. The

effects of Cu in Si have been reviewed by Istratov and Weber [5], which included

discussions on the diffusivity and defect reactions of Cu in Si, the impact on Si

devices, and the development of Cu diffusion barriers. The characteristics of Cu

diffusion barriers are especially important when Cu is used in large scale Si integrated

circuits to form interconnections, as is standard technology today [118]. Istratov et al.
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[119] also reviewed the effects of iron contamination in Si. Cu is detrimental for Si

devices even at trace contaminations below 1×1012 cm−3 [11]. Hall and Racette [120]

described the diffusion process of Cu in Si, which was later extended by Istratov et al.

[121]. See Section 2.5.3 for a more detailed discussion of the Cu diffusion process. A

comprehensive review of the influence of many metal impurities on Si and Si devices

was written by Graff [3].

In general, Si device characteristics are altered by TM in several different ways.

The deep donor and acceptor energy levels introduced by TM impurities affect the

doping level of Si samples. A change in doping level can occur at a TM content of

only a few percent of the original doping concentration of the material. Today this

unintentional doping is well controlled and poses a problem only in high resistivity

(low doping) Si devices. These contaminants diffuse to the surface during the low

temperature processes that typically follow the high temperature diffusion treatments

during device fabrication [3].

A more important factor affecting the Si device performance is the minority-carrier

capture cross-section of TM traps, as a high capture cross-section drastically reduces

the minority-carrier lifetime in the sample [3]. The capture cross-section for different

impurities varies widely over orders of magnitude. Thus, only a small amount of an

impurity with a high cross-section can alter the lifetime significantly. Moreover, the

capture cross-sections for electrons or holes can be different by orders of magnitude

as well. Even today, there is a lack of comprehensive and reliable experimental data

for the carrier capture cross-section of many TM. Often, only the capture cross-

section of the majority carriers has been measured, but these results vary by orders

of magnitude [3].

A further important factor influencing Si devices is the generation leakage cur-

rent [3]. This leakage current depends on the energy level, and the concentration of

the trap and the carrier lifetimes. The carrier lifetimes are a function of the capture

cross-section of the trap, as discussed before. Hence, different TM can have the same

effect on carrier lifetimes, but the resulting leakage current can be vastly different.

Both of these effects can be unwanted, but lifetime adjustments can also be neces-

sary. For example, gold and platinum are often used to decrease the carrier lifetime of
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high voltage thyristors to improve the switching time, at the expense of an increased

leakage current [122].

Another unwanted effect can be the precipitation of TM in Si at high concentra-

tions. It was found in the 1960s that Cu in p-n junctions increases leakage current. At

first, the mechanism of this degradation was not understood. The phenomenon was

later explained by the formation of Cu precipitates, but the threshold Cu concentra-

tion is still unclear [5]. Precipitates within the space charge region of a p-n junction

lead to a weak reverse current-voltage characteristic. The precipitate reduces the

breakdown voltage and increases the leakage current across the junction. This effect

can even be used to detect precipitates in a Si sample [3]. Precipitates also decrease

the minority carrier lifetime, as they form a very efficient recombination channel [5].

It was found that the breakdown rate of oxide capacitors in metal oxide semi-

conductor (MOS) structures increases in the presence of Cu, starting with surface

concentrations as low as 1010 cm−2, depending on the oxide thickness. However, there

is great disagreement among the different data presented in the literature [5], which

may be attributed to the presence of suitable gettering sites for Cu within the Si

material. Intentionally introduced gettering sites can improve the device yield. A

suggested degradation mechanism is the formation of Cu-silicides at the Si–SiO2 in-

terface [5].

To fabricate integrated circuits that use Cu instead of Al interconnections, spe-

cial diffusion barriers had to be developed to prevent the indiffusion of Cu from the

interconnects into the bulk Si. Suitable barrier materials have sufficiently high con-

ductivity, a very low Cu diffusion coefficient and good long term stability [5]. The

use of Cu as a conductor is desired because of its high conductivity when compared

to other, slowly diffusing metals like Al.

During many semiconductor processing steps, a small Cu contamination of the Si

wafer is not a serious problem, as the material would undergo many heat treatments

with a subsequent slow cooling process. This slow cooling allows the interstitial Cu to

out-diffuse [3]. Only during rapid quenching procedures is the interstitially diffusing

Cui locked into the crystal. To produce the IBE centres studied here, a rapid quench

was often necessary to trap Cui and produce the impurity complexes in a sufficiently

high concentration [67].
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2.5.2 Solubility of Cu in Si

Hall and Racette [120] had measured the solubility of Cu in Si in an early experiment

with a radioisotope method using 64Cu. However, Graff and Pieper [123] found the

amount of Cu that is electrically active was much smaller than what had initially been

determined. The concentration was found to peak at a diffusion temperature of only

800◦C. At these high temperatures, as much as 1018 cm-3 Cu can be dissolved in Si, yet

the solubility at lower temperatures is vanishingly low and can go down to as little as

∼1 Cu atom per cm3 in a room temperature equilibrium condition [5]. Furthermore,

the amount of electrically active Cu also depends on the sample preparation method

and the rate of cooling after the diffusion process. It was found that a fast quenching

process is necessary to lock in and trap interstitial Cui in the Si crystal, which would

otherwise diffuse out to the surface during a slow cooling process. This behavior

was also observed for other IBE centres like Si:In [66, 67], where a fast quenching

process increases the PL intensity of the centre by creating a supersaturation of

impurities. During fast quenching, the “frozen in” Cui often forms complexes with

other defect centres like Cus or other immobile impurities. Due to the small diffusion

barrier and depending on the binding energy of the complex, these complexes can

dissociate relatively easily and do not permanently trap Cui [5, 116]. At the highest

contamination levels, Cu precipitation is a dominating process [116]. During slow

cooling, most Cu diffuses to the surface because the small diffusion barrier of Cui

allows for fast diffusion, but it can also decorate already present defects. A difference

between the amount of Cu measured with the radioisotope tracer method [120] and the

electrically active amount measured for example, by deep level transient spectroscopy

(DLTS) [123] usually indicates the presence of Cu precipitates.

2.5.3 Diffusivity of Cu in Si

In many semiconducting crystals, among them Si, Cu is a fast diffuser [120]. In all

cases, Cu diffuses interstitially as a singly positively charged Cui ion. In contrast to

this, substitutional Cus is comparatively immobile because a Si vacancy is needed for

its formation.
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Reiss et al. [124] showed that the effective diffusivity can be lower than expected

due to donor-acceptor pairing in the crystal. In this case, the Cu+
i can pair with

the shallow acceptors B−
s during the diffusion process. This trapping of Cu ions by

B restricts the mobility of a large portion of the available Cu, which can then no

longer contribute to the diffusion process. Hence, the measured coefficient is only

the effective diffusion coefficient, which depends on the B concentration. A number

of publications describe the Cu diffusion coefficient in Si (for example [125]) and

their results were confirmed by Hall and Racette [120], who assumed negligible Cu-B

pairing in a highly doped p+-Si sample (〈B〉 = 5 × 1020 cm−3). A number of later

publications attempted to correct Hall and Racette’s coefficient for donor-acceptor

pairing [126–129], but the work was done on the assumption of a strictly electronic

binding of the donor-acceptor pair. It was only later shown that the dissociation

energy of donor-acceptor pairs depends on the acceptor and, thus, has a covalent

character [130]. As a result, these models had to be reconsidered [121].

In a recent review, Istratov et al. [5, 121] determined the intrinsic diffusion coef-

ficient of Cu in Si for the first time to be:

Dint = 3.0× 10−4 × e−0.18 eV/kBT cm2s−1 (2.13)

Hall and Racette’s [120] observed activation energy of the diffusion process was gen-

erally accepted as correct at the time, however it was much larger than the theo-

retical prediction of Woon et al. [131]. Istratov et al. measured an activation energy

of 0.18 eV by using a low doping level p-type sample. The measured activation en-

ergy was close to the value predicted by Woon et al. These results were achieved in

a sample with relatively low boron doping levels of 1.5 × 1014 cm−3 and at elevated

temperatures, thus allowing the determination of the intrinsic diffusion coefficient

directly from experimental data rather than compensating for doping levels later on.

This method avoids the problematic donor-acceptor pairing of Cu+
i and B−

s during the

diffusion. Istratov et al. [121] arrived at the final expression to model the effective Cu

diffusion coefficient at moderate doping levels in p-type Si material (NB ≤ 1017 cm−3):

Deff =
3× 10−4 × e−2090/T

1 + 2.584× 10−20 × e4990/T × (NB/T )
(2.14)
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For heavily doped Si, a system of equations has to be solved [121]. The previously

determined coefficient [120] remains valid as long as it is appropriately corrected for

Cu-acceptor pairing. On the other hand, no experimental data is available for n-

type material, but it is thought that the intrinsic coefficient applies for moderately

doped n-type material as well, because interstitial Cu+
i has never been shown to pair

with shallow donors such as P [5]. Dint at room temperature is found to be three

orders of magnitude larger than determined by Hall and Racette [120], which means

that Cu can diffuse through significant distances even at room temperature. The low

activation energy of 0.18 eV is due mainly to the small ionic radius of Cu+
i in Si. In

the absence of trapping centres, the Cu diffusion coefficient is large enough to enable

not only the out-diffusion of Cu from a Si sample, but also the phenomenon of Cu

contamination during chemomechanical polishing [132], which is, in principle, just

a reversed out-diffusion. Nevertheless, at room temperature, and certainly at lower

temperatures, the diffusion of Cui is often slowed down significantly by the formation

of complexes with Cus or other impurities, as our long storage times of certain Cu

diffused samples have shown.

Figure 2.3 shows the effective Cu diffusion coefficient of equation (2.14) plotted

for three different boron acceptor concentrations NB. Our 28Si samples are p-type

with NB close to 1014 cm−3. At 800K, the diffusion coefficient is less than 10−5 cm2/s,

which is about 15 orders of magnitude larger than the coefficient of Al in Si [5], which

diffuses substitutionally. Al is used traditionally to form interconnects in integrated

circuits. This comparison shows that contamination of Si with Al is a negligible

problem when compared to Cu contamination.
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Figure 2.3: Effective Cu diffusion coefficient according to equation (2.14) [5] for dif-
ferent acceptor concentrations NB. At higher temperatures, the acceptor pairing
becomes negligible. For comparison, the older Cu diffusion coefficient determined by
Hall and Racette [120] is also plotted.



Chapter 3

History of the Observed Centres in

Silicon

Many of the IBE centres studied in this thesis have been discussed in the past. While

none of those prior publications could ultimately determine the actual constituents

of these complexes, a number of important properties have been determined, over

the years, through various different experiments. Many of these characteristics are

introduced in this chapter for the “Cu-pair” (Cu4), the “ ?Cu-pair” (Cu3Ag), the

“single Ag” (Ag4), the “Au-Fe pair” (Cu3Au), the “Fe-B pair” (Cu4Au), and the

Cu4Pt and Cu3Pt complexes. The related SA and SB centres as well as the Li4-

vacancy centres, are introduced as well.

3.1 The 1014meV “Cu-pair” – the Cu4 centre

Among all TM-containing IBE centres, the ∼1014meV Cu4 complex, the NP transi-

tion of which is often labelled Cu0
0, has been studied the most in recent literature, both

experimentally and theoretically, and the complex can be considered the prototype of

the entire family of centres. In fact, it is difficult not to observe this PL centre after

rapidly quenching Si from above 700◦C to room temperature. This is due to the high

diffusivity and solubility of Cu at elevated temperature, together with the difficulty

of eliminating Cu as a contaminant in all but the most rigorously clean environments.

The centre was first observed by Minaev et al. [7] at 1015meV (various authors refer

29
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to the centre as the 1014meV, 1015meV, or more accurately, the 1014.7meV centre)

in heat treated and subsequently quenched n-type Si. In view of the technique used

to create this centre, the authors called it a “thermal defect.” The low temperature,

low resolution spectra clearly show the intense NP line, together with up to 10 lower

energy pLVM replicas. At a temperature above 10K, higher energy components were

observed. Using uniaxial stress spectroscopy, pLVM replicas and the NP transition

split in the same way, indicating totally symmetric vibrations. Minaev et al. con-

cluded that this luminescence is due to the recombination of an exciton bound to a

trigonal, neutral centre (an IBE), with 〈111〉 axial symmetry. It was also found that

this defect anneals out at less than 300◦C, with an activation energy of 0.6 eV and

has an estimated formation energy of 2.6 eV. It was concluded that the defect is likely

due to the presence of TM impurities in the Si sample, with Fe and Cr as possible

candidates. The centre was then briefly mentioned by Weber and Wagner [10] as a PL

centre at ∼1016meV, which was found to be especially strong in Cu-doped samples.

Shortly after these initial reports, Weber et al. [8] published a comprehensive

study of the ∼1014meV Cu PL centre. The authors systematically assigned labels

to NP, Stokes and anti-Stokes vibrational replicas, as well as to electronically ex-

cited states of the NP transition detected at higher temperatures. The characteristic

pLVM structure formed by the Stokes vibrational replicas was described in detail in

this study. The investigated samples were prepared by intentionally evaporating Cu

onto them, before subjecting them to diffusion steps in a furnace. No increase in

PL intensity was observed after more than 5 minutes of diffusion time for a sam-

ple thickness of ∼1mm. A high cooling rate was necessary for strong PL emission,

as already noted by Minaev et al. [7]. PL was observed for samples diffused above

700◦C with an increasing intensity up to 1100◦C. No difference in the experimen-

tal results was found with different n or p-type doping levels of P, B, or Al in the

starting Si material for concentrations of either of the dopants in the range between

1012 and 1017 cm−3. The intensity of the Cu spectrum decreased for concentrations

above 1017 cm−3, but no details were given [8]. It was also confirmed that the centre

anneals out at temperatures above 150◦C. For the first time, isotopic Cu was used to

show clearly the role that Cu plays in the 1014meV PL line. A total isotope shift of

0.06meV was observed for the NP line, which compares very well to the experimental
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result obtained in this work (a total shift of 0.06meV corresponds to 7.5µeV per

amu as shown in Table 5.2), and proved that Cu is indeed part of this PL centre [8].

An isotope shift was also observed in the first order pLVM replica. With a ratio of

1.010 of the lighter over the heavier mode energy, this value is comparable to the shift

determined in this work (see Table 5.3). In an attempt to determine the number of

Cu atoms needed to form the 1014meV PL centre, experiments were done to find a

relationship between the PL intensity I and the Cu concentration NCu in the sample.

To determine the Cu concentration, the relationship between diffusion temperature

and Cu concentration as determined by Struthers [125] was used (see Section 2.5.3).

These experiments were conducted at the high temperature Cu solubility limit. After

a quadratic dependence was found (I ∝ N2
Cu), conclusions were made based on the

law of mass action that the centre was composed of two Cu atoms [8]. Thus the

complex was often referred to as the “Cu-pair” centre until it was demonstrated to

be a Cu4 complex by isotopic fingerprint measurements in 28Si (see below).

Weber et al. [8] also observed the weak Γ3 excited state, as a shoulder ∼0.15meV

above the main Γ4 peak. The higher energy NP lines (Γ3 and Γ5 at 1016meV) were

identified as thermally populated split ground states of the trap. The localization

energy of the BE of Cu4 was found to be 140.3meV with respect to the free exci-

ton (FE) or 155meV with respect to the band gap energy (the FE binding energy is

14.7meV). As determined in a thermalization experiment, the donor electron is bound

by 32meV, whereas the hole is bound by 123meV in the short range potential of the

isoelectronic trap. This finding agrees reasonably with a hole trap at Ev + 0.1 eV,

which was found in a deep-level transient spectroscopy (DLTS) experiment involving

Cu-doped Si [123] at about the same time. The authors concluded that the cen-

tre is a donor-like IBE. This argument is further supported by the observed high

quantum efficiency of the centre. Through uniaxial stress and Zeeman spectroscopy

experiments, and assuming a Cu-pair, the authors verified that the IBE centre is in

a 〈111〉 trigonal configuration with at least one Cu on an interstitial site (CusCui).

The centre reorients itself along the 〈111〉 axis under stress, which again suggests the

involvement of a highly mobile Cui.

Almost simultaneously, Watkins et al. [73] found that the 1014meV PL centre is

present at low Cu concentration, but has a high PL efficiency. The authors focused
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on the details of the pLVM replicas, and on the temperature dependence of the PL

lifetime. In addition to the ∼7meV mode, and the various overtone and combination

modes, distinct pLVM were observed with energies of 16.4meV and 25.1meV. The

measured long PL decay times of the centre were consistent with an IBE model. Decay

times of up to 480µs were measured at 1.3K and up to 670µs at 4.2K. The measured

temperature dependence of the lifetime was later explained by Sauer and Weber [133]

to fit the level scheme for the split ground state suggested in reference [8], where the

excited Γ3 state has a very long lifetime, which explains the longer measured lifetimes

at higher temperature.

Davies [37] reviewed a number of PL centres in Si, among them the 1014meV PL

complex. This publication noted that the structure of the centre was not known, even

though it was thought to be a “Cu-pair” [8]. It was unclear though, whether all of

the Cu dissolved in the Si sample actually forms the 1014meV PL centre, and, thus,

a connection between Cu concentration and PL intensity could not be made [37].

The connection between this PL centre and the Ev + 0.1 eV hole trap observed

by DLTS was further supported by Brotherton et al. [134], and firmly established

by Erzgräber and Schmalz [13], who found a linear relationship between the PL

saturation intensity of the 1014meV centre and the concentration of the Ev + 0.1 eV

DLTS centre. The 1014meV centre is one of the few examples of a firm connection

between a deep defect seen in PL and one seen in a DLTS experiment.

Nazaré et al. [135] have investigated the excited states of the 1014meV centre at

16K under uniaxial stress and confirmed that the centre is an IBE with trigonal C3v

symmetry. In a different interpretation of the system than the one given by Weber

et al. [8], it was found that a built-in axial strain splits the ground state of the centre

into the Γ5 (1014meV, Γ5 = Γ1 +Γ3) state together with higher lying Γ1 (1016meV)

and Γ3 (1024meV) states. Both interpretations are consistent with a donor-like IBE

model.

By this time, many authors were referring to the 1014meV centre as the Cu-pair

centre [5, 113, 116, 136–138]. Istratov et al. [136] found the binding energy of the

1014meV Cu PL centre was 1.02 eV in a DLTS experiment. With the assumptions

that interstitial Cui is singly positively charged and substitutional Cus is doubly

negatively charged (fitting the measured binding energy), the only solution that fits
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a donor-acceptor pair model for the Cu-pair is that the centre is a single acceptor

(Cu2−
s Cu+

i ), contradicting the commonly accepted model of the centre being donor-

like. The authors also found that the pair formation is limited by the availability

of Cus. Shortly thereafter, Istratov et al. [137] revised these results, as they found

that the two Cu atoms in the Cu-pair were not exclusively bound Coulombically, thus

invalidating the previous assumption of a donor-acceptor pair model. This new result

is based on the fact that in a purely ionic model, the binding energy between Cu−
s and

Cu+
i is only 0.52 eV, half of the experimentally determined value of 1.02 eV [136, 137].

In a double deep-level transient spectroscopy (DDLTS) experiment, the possibility of

the Cu-pair being an acceptor was now excluded, therefore the centre has to be a

donor-like IBE [8]. However, the only possibility to have a dissociation energy of

1.02 eV for an ionic Cu pair is if it was an acceptor [137]. Thus the centre was argued

to have a strong covalent contribution to its binding energy.

In contrast to the Cu-pair model, Nakamura et al. [11] started arguing for a single

Cu model. Their initial argument was based on the measured relationship between the

PL intensity of the centre and the Cu concentration (which was kept below the solubil-

ity limit) in the crystal. The Cu concentration in the crystal was determined through

a measurement of the surface concentration together with a constant-concentration

depth profile at the used diffusion temperature. The linear relationship that was

determined contradicts the results of Weber et al. [8], which were obtained at much

higher concentrations. No difference was found for n or p-type samples for B and

P doping concentrations between 5 × 1014 and 2 × 1015 [11]. Nakamura et al. sug-

gested a bond-centred (BC) model for a single Cu atom, which satisfies the trigonal

symmetry requirement, but the authors realized possible interference with the rapid

rearrangement under stress, which had been suggested before [8]. In a following pub-

lication [139], this problem was clarified by measuring a small dissociation energy for

the centre that the authors thought would allow for the reorientation. In a later pub-

lication, Nakamura and Iwasaki [140] suggest that a DLTS centre at Ec−0.15 eV is a

precursor to the 1014meV Cu PL centre (which corresponds to the Ev+0.1 eV DLTS

centre). The authors also found that the dissociation energy of the 1014meV centre

was only 0.63 eV in a PL experiment, as compared to the value of 1.02 eV determined

by Istratov et al. [137] in a DLTS experiment. The smaller value was thought to be
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erroneous [116, 138], as it was measured by PL, and the long exciton diffusion length

would contribute a signal from deeper regions of the bulk; whereas Istratov et al.mea-

sured the dissociation energy with DLTS, where only a near-surface region is probed,

thereby increasing the likelihood that only material is probed in which the Cui had

a high chance to out-diffuse. The out-diffusion process is likely slower in the deeper

bulk probed by PL, and thus PL would only measure the effective dissociation. Naka-

mura and Murakami [141] confirmed this suggestion, and explained the discrepancy

between the different values of the measured dissociation energy in a depth-dependent

DLTS experiment. The formation energy of the Cu4 centre of 0.57 eV, as determined

by Nakamura and Iwasaki [140] via DLTS, was found to be slightly less than the

measured DLTS dissociation energy, indicating that the formation process is different

than the dissociation process.

Knack et al. [138] then undertook a number of experiments to achieve a better

understanding of the formation mechanism of the 1014meV Cu PL centre. A sam-

ple with Cus incorporated during the floating-zone growth process was used. After

initially observing the Ev + 0.1 eV DLTS peak, only a DLTS signal due to Cus and

Cu-H complexes was observed after a 30min annealing process at 250◦C. Cus has

no corresponding luminescence signal. A Cu-containing etch solution restored the

Ev + 0.1 eV DLTS peak. The authors concluded that Cui diffuses out of the sample

during the annealing step, whereas it diffuses back into the sample during the room

temperature etch process and then binds to the still available substitutional Cus,

which forms only at higher temperatures (>700◦C). Thus, the concentration of the

complex is [CusCui] = [Cus] = k[Cutot], where the solubility of the substitutional Cus

determines the saturation of the pair formation, not the much higher total solubility,

which is dominated by interstitial Cui. The authors [138] argued that this model can

comply with the linear relationship between PL intensity and Cu concentration for a

Cu content in the sample below the solubility limit, as observed by Nakamura et al.

[11]. Regarding the quadratic dependence of the PL signal at higher concentrations

at the Cu solubility limit determined by Weber et al. [8], Knack et al. [138] show

that literature values for [Cui], as well as the Si vacancy concentration and the for-

mation enthalpy of Cus, lead to a near quadratic dependence of the PL intensity on
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the Cu concentration, which is controlled by the Cus concentration, not the total Cu

concentration.

The similarity between the 1014meV and the 944meV Cu related PL centres (see

Section 3.2) was noted by Estreicher et al. [114], and their formation and vibrational

properties were discussed. For the 1014meV centre, the authors ruled out Cu-pairs

of either two interstitial or two Cus, and also determined that a BC site, as was

suggested by Nakamura et al. [11], is not energetically favorable for Cu in Si. It was

found from ab-initio calculations, that the energy gained by a Cu atom taking the

place of a vacancy in Si is between 2.71 and 2.78 eV. On this substitutional site, the

Cu-Si bond length to the four Si neighbours was determined to be 2.236 Å, within

∼0.1 Å of Si-Si bonds. Trapping of a Cui by a Cus would then result in an additional

gain of 0.75 eV. Potentially, this CusCui pair can react with another vacancy and

form a CusCus pair, possibly with a Si in between (Cus-Si-Cus), resulting in a further

energy gain of more than 2 eV. The authors calculated the energy of a vibrational

mode for these models, where both Cu atoms are moving together along the trigonal

axis, preserving their bond length. The result is close to the experimentally measured

pLVM energies of the 1014meV and the 944meV Cu centres. These results strongly

suggest that the 1014meV is a CusCui pair (whereas the 944meV centre was thought

to be a CusCus pair, see Section 3.2).

The association of the 1014meV PL centre with a CusCui pair was supported later

by Estreicher et al. [111] with ab initio calculations involving the centre’s vibrational

modes. One pLVM mode was found for a CusCui that has appropriate symmetry to

couple to the electronic transition and has a frequency close to the experimentally

observed vibrational replica of the 1014meV centre. The analysis also showed that

neither CusCus, nor Cus-Si-Cus, nor Cus alone could produce the observed vibrational

mode structure. These findings were confirmed in further reviews [112, 116].

Nakamura et al. [142] claimed that the substitutional model was unlikely due to

the high concentration of Cu centres detected in DLTS and the small number of avail-

able Cus in Si at the diffusion temperatures typically used to produce the 1014meV

PL centre. An experiment compared the Cu PL intensities in Si samples with, and

without, vacancies, and found them to be very similar. Thus it was concluded that

the presence of vacancies does not increase the formation of the Cu PL centre, even
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though it should facilitate the formation of substitutional centres, hence making Cus

an unlikely part of the Cu PL centre. As a consequence, Nakamura et al. [143] kept

arguing in favour of a single bond-centred CuBC model. Their argument continued

to be based on the linear relationship of the Cu PL intensity and the DLTS concen-

tration, where the maximum concentration of the centre was thought to be larger

than the Cus solubility. They concluded that a single CuBC is more appropriate than

the proposed pair models [112], in contrast to calculations that show CuBC to be

unstable [111, 114].

Thewalt et al. [31] then discovered that the 1014meV Cu centre consists not only

of one or two Cu atoms, but a cluster of four Cu atoms. The experimental evidence

for this surprising discovery was found through high resolution PL spectroscopy of

isotopically enriched 28Si, which had been shown before to exhibit drastically reduced

PL linewidths of shallow impurities due to the removal of inhomogeneous isotope

broadening [14, 15, 18, 26, 27]. With the increased spectroscopic resolution it was

now possible to observe the PL lines that originate from different combinations of

the stable Cu isotopes in the impurity cluster [31]. Five PL lines could be observed

for the Γ3 representation, leading to the conclusion that they are due to the five

possible arrangements of four Cu atoms of the naturally occurring isotopes 63Cu

and 65Cu. This conclusion was tested by diffusing monoisotopic Cu and non-natural

isotopic mixtures as well as by comparing the relative areas of the peaks in the natCu

spectrum to the natural abundances of the Cu isotopes. The controversy about the

1014meV Cu centre was settled by these unambiguous experimental results, which

are discussed in detail in Section 5.1.1.

Nevertheless, in a further publication, Nakamura et al. [144] assume a BC model

of a single Cu atom forming the 1014meV centre. Contrary to Weber et al. [8],

the authors found that the concentration of PL centres is not a simple increasing

function of diffusion temperature in Cu saturated samples. A sharp drop-off in con-

centration at higher temperatures was explained as a result of increased precipitation

and out-diffusion. Again, the authors measured a higher concentration of PL centres

than what was thought to be the saturation concentration of Cus, making a single

CuBC atom their favoured configuration [144]. In light of the 28Si high resolution

spectroscopy results [31], this model was revised finally and Nakamura et al. [40]



CHAPTER 3. HISTORY OF THE OBSERVED CENTRES IN SILICON 37

suggested a model for the Cu4 centre, in which one BC Cu is surrounded by three

equatorially bound Cui. The authors concede that this model is in contradiction to

calculations regarding the stability of the BC site by Estreicher et al. [111]. In a fur-

ther publication [41], the authors argue again in favour of CuBCCu3i model, based on

the argument that the BC site would be stable at higher temperatures and “freeze in”

at lower temperature. They argue that centres involving Cus are not a realistic model

for the 1014meV line, as there would not be a sufficient number of vacancies available

to form Cus at the observed concentrations, and there would be a large discrepancy

between the CusCu3i binding energy [38] and Nakamura’s observed dissociation en-

ergy [140]. The BC model was reiterated in a further publication [141], although none

of these papers contain any detailed calculations supporting the stability or formation

mechanism of the proposed centre.

After it was found that the 1014meV PL centre is a Cu4 centre, another model

for the structure of the centre was proposed. Shirai et al. [38, 39] suggested a model

where three Cui are grouped around a Cus in C3v symmetry. This arrangement

has the strongest binding energy of a number of calculated combinations, but its

formation energy has not been determined, therefore different configurations cannot

be excluded. The authors also attempt to explain the observed splitting in the Γ4

representation, by taking vibronic coupling to non-totally symmetric vibrations into

account, but a complete explanation of these splittings could not be given. Possible

pLVM of the CusCu3i complex have also been studied [39]. Very recently Estreicher

and Carvalho [42] and Carvalho et al. [43] explained the formation pathway of the

Cu4 defect, in terms of the capture of the positively charged Cui by Cus, CusCui,

and CusCu2i which were all found to be negatively charged, if the Fermi-level was

near mid-gap. The CusCu3i centre, on the other hand, has its acceptor level almost

resonant with the conduction band, and would be uncharged in intrinsic Si. The

model thus explains why no CusCui, CusCu2i or CusCu4i centres are observed. In

this regard it is important to observe that the samples used here, and to the best

of our knowledge in all previous studies, were lightly doped, with Fermi-levels near

mid-gap, with the single exception of the brief comment by Weber et al. [8], that the

intensity of the PL of the 1014meV centre decreases in intensity for doping levels

above 1017 cm−3.
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3.2 The 944meV “perturbed Cu-pair” – the Cu3Ag

centre

The ∼944meV Cu3Ag complex, formerly labelled ?Cu, was long thought to be a

Cu-pair similar to the Cu0
0 centre. This centre was likely first observed by Minaev

et al. [7], who reported PL lines at 950meV and 875meV in thermally quenched

Si, in their paper which first reported the very similar 1014meV Cu4 centre. These

energies are very close to those of Cu3Ag and Cu2Ag2 (see Section 5.1.3), therefore,

it is assumed that they are the same centres. The 944meV centre was described

in detail by McGuigan et al. [145] in Si lightly doped with Cu, and found to have a

pLVM structure very similar to that observed for the 1014meV Cu4 centre. Extensive

experiments made the authors believe that this IBE PL line could only be observed

in Si that was lightly doped with Cu. Due to the similarity of the two centres, it was

thought that this centre is a precursor to Cu4 at lower Cu concentrations, before a

high enough Cu concentration is present in the sample to form Cu4. It was also found

that the centre anneals out at temperatures lower than those necessary for the Cu4

centre. The involvement of elements other than Cu was not ruled out.

In a later report, McGuigan et al. [146] investigated the defect in uniaxial stress

and Zeeman experiments. The authors found that their uniaxial stress and prelim-

inary Zeeman data was consistent with a high symmetry Td defect centre. Because

they could observe the centre only at low Cu concentrations, they suggested that the

∼944meV PL centre was a singly positively charged Cui, at a tetrahedral interstitial

site with Td symmetry. In this state, Cu has a full 3d shell and creates a single level.

However, it was concluded that more data was needed to fully identify this centre.

The proposed interstitial Cui character of the centre has later been the subject of con-

troversy [111, 115, 116]. As Cui is not stable at room temperature, it would instead

diffuse out to the surface of the Si sample. In a later publication [147], members of

the group of reference [146] put the measured Td symmetry in doubt as well, because

the results were obtained only for low uniaxial stresses.

Later, Knack et al. [138] suggested a connection between the 944meV ?Cu PL

centre and a DLTS centre at Ev + 0.185 eV. While going through different treatment
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and annealing steps, these two centres had always been observed simultaneously in

their samples. The authors drew no conclusion about the microscopic origin of the

centre.

On the basis of formation dynamics, energetics, symmetry, and low frequency

pLVM, Estreicher et al. [114] initially suggested that ?Cu is a CusCus pair (see Sec-

tion 3.1), which was later ruled out [111] because it was not possible to find matching

pLVM modes for the CusCus pair that would couple to PL and thus be visible in

experiments to generate the characteristic pLVM replica spectrum [111, 112]. In his

review, Knack [116] noted that the proposed substitutional pair would have trigonal

C3v symmetry, as opposed to the observed tetrahedral Td symmetry [146], as Td only

allows for a single Cui or Cus, both of which can be ruled out for several reasons [115].

The most recent modeling by Estreicher et al. [115] revised the previous findings

and identified ?Cu as a CusCui centre in a different configuration than that of the

1014meV Cu4 centre. This new configuration is Cus-Si-Cui as opposed to Si-Cus-Cui,

which was suggested for the 1014meV centre [111, 112]. Both configurations have

C3v symmetry. A pLVM that couples to PL was found close to the measured energy

for this new configuration. In this mode, as is the case for the 1014meV mode, three

atoms (Si + 2 Cu) move along the trigonal axis, which explains the strong similarity

in the optical spectra of ?Cu and Cu4. It was suggested that further experiments be

undertaken to examine the centre’s symmetry and formation conditions.

A lot of the efforts to explain ?Cu have been hampered by what were thought

to be the conditions needed to produce strong PL from the centre. There were un-

certainties in the necessary Cu concentration to produce the centre, its appearance

in conjunction with dislocations, special annealing and quenching procedures, or the

assumption that ?Cu would be a precursor to the 1014meV PL centre. These spec-

ulations were put to an end when the inconsistent formation conditions of the ?Cu

centre were shown to be connected to the presence of Ag in the centre [32, 33] as de-

tailed in Section 5.1.2. Hence, in the past, ?Cu was always observed under conditions

with sufficient accidental Ag contamination. Through the isotopic fingerprint charac-

terisation method in 28Si, Yang et al. [32] unambiguously identified the 944meV PL

centre as Cu3Ag.



CHAPTER 3. HISTORY OF THE OBSERVED CENTRES IN SILICON 40

The photoionization of the ∼944meV centre was studied using time-resolved free-

electron laser spectroscopy by Vinh et al. [147], in samples where the ∼944meV centre

PL signal was much stronger than the normally dominant ∼1014meV centre. It is

interesting to note that the authors also observed the 778meV Ag-related PL system

in this sample, and had been preparing Ag-doped samples for similar studies [148].

Given that the isotopic fingerprint result proves that the ∼944meV ?Cu centre is, in

fact, a Cu3Ag complex, the surprising strength of the ∼944meV system in the sample

studied by Vinh et al. [147] is readily understood. This centre also provides a good

example of the difficulty in avoiding cross-contamination when preparing TM-doped

samples.

3.3 The 778meV “single Ag” – the Ag4 centre

Ag is an extensively studied contaminant in Si as it is electrically active. The

∼778meV Ag PL system was first observed by Olajos et al. [87] in absorption experi-

ments. The centre was linked to Ag, and the authors suggested that the symmetry of

the centre is C2v or lower. The authors also suggested that the centre is an isolated,

single substitutional Ag donor-like IBE centre and hence a link to the DLTS Ag donor

level Ag(D) at Ev + 0.34 eV [149] was established.

Nazaré et al. [150] reported on IBE centres in PL spectra of Si samples diffused and

implanted with Ag at 778.9 and 777.3meV, and found that both lines are thermalizing

excited defect states, decaying to the same ground state. Upon closer examination,

the reported PL spectrum bears some similarity to Pt related spectra [151], especially

when considering the reported pLVM energy of 9.5meV and, hence, an accidental Pt

contamination of the samples used in reference [150] cannot be excluded.

Some of the earlier results were confirmed by Son et al. [152] in PL and absorption

experiments. The authors proposed a donor-like IBE model, and also studied the

pLVM replica spectrum in which the lowest energy mode was found at 6meV. Three

NP lines originating from the Ag-centre ground state manifold, labelled A, B, and

C were observed, and a table listing pLVM and EMA excited state energies was

published. These results are also summarized in reference [9]. Son et al. [153, 154]

stated that even though Ag-related centres were identified in electron paramagnetic
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resonance (EPR), no correlation between magnetic resonance and optical spectra

could be established.

At about the same time, Iqbal et al. [155], in a study of the IBE ground state split-

tings, showed the first evidence of the 778.7meV F0 forbidden transition ∼0.2meV

below the A transition at low temperature. With temperature-dependent intensity

measurements, it was shown that the F0, A, B, C PL lines thermalize and originate

from one split ground state of the IBE, and that the dominant pLVM replicas orig-

inate from the newly discovered F0 level. A trigonal symmetry of the defect centre

was suggested on the basis of uniaxial stress experiments.

In an experiment where different Ag isotopes were used for the first time to form

the 778meV centre, Vinh et al. [156] reported an Ag-isotope shift for the A, B, C

components. A total isotope shift of 0.034meV was observed between 107Ag and
109Ag, corresponding reasonably well to a new result of 0.025meV obtained in 28Si

([33] and Section 5.1.4). The authors also concluded, on the basis of lifetime mea-

surements that the centre is an IBE centre. A lifetime of up to 250µs was determined

at low temperature, which is long when compared to the lifetimes of regular donor or

acceptor BE in Si that typically range on the ns scale. At higher temperature (25K),

additional PL bands D and E were identified. For this analysis, it was assumed that

the centre contained a single Ag atom.

Davies et al. [95] studied the Ag centre in detail. Zeeman spectra were observed

to be near isotropic, thus no information could be extracted about the point group

of the centre. This result is expected for a tightly bound hole in C3v symmetry,

because its orbital angular momentum is quenched and the remaining spin angular

momentum responds isotropically to the magnetic field [86]. Uniaxial stress experi-

ments confirmed the EMA character of the electron and the centre was characterised

as a donor-like IBE with trigonal C3v symmetry. Temperature-dependent intensity

measurements associated the pLVM replicas with the forbidden F0 state just below

the A line, redefining the phonon energy slightly. Due to the energetic closeness of A

and F0, their pLVM replicas could overlap, but it was found that the pLVM replica

luminescence is dominated by the F0 state. The measured isotope shifts of the pLVM

and calculations of the effective mass of the centre responsible for the observed pLVM

isotope shifts made the authors conclude that the centre consisted of a single Ag atom.
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Only experiments with isotopically enriched 28Si could finally show the nature of

the 778meV PL centre [33]. It was found to consist of four Ag atoms and a detailed

analysis is presented in Section 5.1.4.

3.4 The 735meV “Fe, or Au-Fe pair” – the Cu3Au

centre

In 1973, Otha [157] published extensive results on infrared absorption spectroscopy

of Au in Si, suggesting the occurrence of single Au centres causing broad absorption

bands and Au pair centres causing sharper absorption lines. It was proposed that the

Au pair would likely occupy second nearest neighbour sites in the Si lattice.

After these first spectroscopic experiments involving Au defect centres in Si, the

∼735meV centre (now known to be Cu3Au) was discussed thoroughly in the litera-

ture. The first occurrence appeared in a publication on Fe in Si [10], as the centre

was believed to be due to Fe, and the Au and Cu content in the sample was likely

due to contamination. The 735meV PL line’s characteristic pLVM replicas were ob-

served. Two thermalizing NP lines were detected and a BE model was proposed. The

symmetry was determined to be trigonal using Zeeman spectroscopy.

The participation of Fe in the 735meV centre was put in doubt by Schlesinger

et al. [72], because no Fe isotope shift could be observed in their experiments using
54Fe and 56Fe diffused Si samples.

Do Carmo et al. [158] found the 735meV PL centre was trigonal on the basis

of uniaxial stress tests. The centre was interpreted as an IBE centre with a tightly

bound hole and a shallow electron, making it a donor-like IBE. Similar to Ag4 [86],

the hole angular momentum is quenched in the low symmetry environment of the

optical centre and, as a result of the axial strain, thereby leading to singlet-triplet

splitting of the bound exciton. Thermalization of the resulting three electronic states

was observed. No attempts to identify the constituents were undertaken.

Singh et al. [9] claimed that the occurrence of the 735meV PL peak in their Au

doped samples was a result of the Fe contamination of even the purest Au source

and that the centre is unlikely to contain Au, which had been shown in Fe diffused



CHAPTER 3. HISTORY OF THE OBSERVED CENTRES IN SILICON 43

samples before. Earlier results were interpreted [158] and explained with additional

data. Besides the already observed three electronic states that were attributed to

the 1s(A1) split states, the authors found two higher excited states and predicted the

presence of a third. With this information, the hole binding energy was estimated

and found to be close to the level observed for Fei donors in Si. Therefore the authors

suggested that the defect contains an interstitial Fe atom and possibly other unknown

constituents, with an overall trigonal symmetry. The electronic structure would be

dominated by Fe and the centre would fit into the donor-like IBE model.

In the first publication where the decay of ion-implanted, radioactive Au isotopes

in Si was studied, Henry et al. [12] found that the 735meV centre decays according

to the half life time of the implanted radioisotope 195Au. It was concluded, therefore,

that Au was involved in the formation of this centre and it was relabeled the Au-Fe

centre [151, 159].

PL spectroscopy of Cu and Au-diffused 28Si samples revealed the presence of Au

and 3 Cu atoms in this centre, while no fingerprint of Fe was found [33]. Detailed

experimental results for this Cu3Au centre are presented in Section 5.2.1.

3.5 The 1066meV “FeB pair” – the Cu4Au centre

Initially, the ∼1066meV Cu4Au centre was thought to be an FeB pair centre [10],

based on observing it in Fe diffused p-type samples. Sauer and Weber [55] observed

two thermalizing lines, which were both split into a thermalizing triplet under a mag-

netic field. The two components were interpreted as one forbidden and one allowed

transition from an IBE state to the ground state. The centre was found to have

trigonal symmetry and pLVM replicas were detected for both PL lines. The authors

also confirmed earlier results that linked this 1066meV PL centre to a DLTS centre

at Ev + 100meV, which was ascribed to FeB pairs [160, 161].

Schlesinger and McGill [162] have done experiments to determine a possible Fe

isotope shift of the 1066meV PL line and its phonon vibrational modes. Samples

diffused with 54Fe and 56Fe did not show any detectable isotope shift in NP and

pLVM replica PL lines. This result was not expected for an Fe containing defect,

especially for its pLVM, which were described as due to Fe motion [55].
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Mohring et al. [94] did extensive research on the 1066meV PL centre. Three

electronic states and their pLVM replicas were observed. Zeeman spectra showed

no significant anisotropy, limiting the possible symmetries to cubic Td, as all lower

symmetries would show some anisotropy. It was found that the centre decays at

annealing temperatures of more than 80◦C and the centre was not observed in samples

with low B concentration, while its intensity was found to be enhanced with higher

B doping levels. Hence, Mohring et al. [94] assumed that B is part of the centre.

Diffusion experiments also suggested the participation of Fe in the formation of the

centre. The determined dissociation energy of 0.9 eV was close to values previously

determined for FeB pairs in other experiments. The produced PL samples were also

used for DLTS studies, and only a limited correlation was found with the Ev+100meV

centre. Mohring et al. [94] also pointed out points of conflict with a possible FeB

assignment of the 1066meV PL centre. For one, Fe diffuses interstitially, so a pair

would likely be Bs-Fei and thus aligned along a 〈111〉 axis with axial symmetry, which

would show some anisotropy in Zeeman spectra, which was not observed. The PL

intensity was relatively low for the expected overall number of centres, taking the

amount of available B in the sample into account. The authors concluded that the

composition of the centre could not be identified, but their experimental data was

inconsistent with an FeB assignment.

After experiments with B and Fe doped Si, Conzelmann [58] concluded that it

seems necessary to have Fe in the sample to produce 1066meV PL centre (“FeB”), but

admitted that his results were “controversial” in light of some previous publications.

Kluge et al. [163] found no correlation between the intensities of the 1066meV PL

signal and that of FeB pairs in EPR experiments after annealing the samples, and

suggested that the PL centre is not due to Bs-Fei. No conclusion on the structure

of the centre was reached, but a different configuration or the participation of other

ions in the formation of the 1066meV PL centre was suggested.

Davies and do Carmo [110] explained the unusual pLVM structure of the 1066meV

centre, where the pLVM replicas at low temperature are stronger than the NP PL

lines. The centre was reviewed by Istratov et al. [164], suggesting that EPR FeB

centres might not have corresponding PL centres. It was suggested that sample

contamination possibly led to incorrect conclusions in the past.



CHAPTER 3. HISTORY OF THE OBSERVED CENTRES IN SILICON 45

The 1066meV PL centre was then observed in Au implanted Si [12], but only later

was the involvement of Au confirmed by Henry et al. [151, 165] by observing the decay

of the PL line with the decay of the 193Au radioisotope. Although this method could

not exclude any of the previously discussed constituents, evidence certainly increased

against the necessity of Fe for the formation of this centre.

With the availability of isotopically purified 28Si, it was then shown that the

1066meV PL centre actually is Cu4Au [33], whereas no Fe isotope shift could be

observed. These experimental results are presented in detail in Section 5.2.3.

3.6 The 777meV Cu4Pt and the 884meV Cu3Pt

centres

Originally the 777meV Cu4Pt and the 884meV Cu3Pt centres were thought to be

Fe related [10]. The 777meV centre was described to have near isotropic and linear

Zeeman splitting, which was attributed to cubic symmetry. However, later studies

involving the 195Au/195Pt radioisotope decay pair found evidence that Pt played a

major role in these centres [12]. At first, Henry et al. [12] ascribed the 777meV line to

the already documented 778meV Ag system. After observing the rapid decay of this

line in a sample implanted with 191Pt and an increase in intensity in samples implanted

with 195Au decaying to 195Pt, it was concluded that Pt and not Ag was responsible for

this PL centre, overseeing the possibility of a potential overlap in energy in between

two different centres. This overlap issue was resolved recently [33, 36]. In a later

publication, Henry et al. [151, 165] confirmed the involvement of Pt in the 777 and

884meV PL centres. The 777meV centre was assigned to Pt-Fe initially and a decay

of both PL lines was detected with the expected half-life time of the Pt radioisotope.

Alves et al. [166] have observed the 777 and 884meV PL lines in samples implanted

with natural Pt. Through preliminary uniaxial stress studies, it was concluded that

the centres are axial in nature. A parallel was drawn between the 735meV and the

777meV centres, as they were shown before to decay or increase in similar ratios

in appropriate Au-Pt decay experiments [12]. Leitão et al. [167] have studied the
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777meV centre under uniaxial stress and determined it was an axial defect with C2v

symmetry. The centre was described as a donor-like IBE centre.

Only later has the involvement of 4, respectively 3 Cu atoms in the 777 and

884meV centres in addition to Pt been shown [35] in high resolution PL in 28Si.

The presence of only a single Pt atom in these centres was confirmed in a further

publication [36] and these results are explained in detail in Section 5.3. The centres

were, therefore, labeled Cu4Pt and Cu3Pt respectively. The assumed connection

between Cu4Pt and Cu3Au [166] could not be confirmed.

A 1026meV PL centre that was mentioned on several occasions in literature [151,

165, 166], together with two previously discussed Pt defect centres, is generally too

weak in our spectra to study its isotopic fingerprints. Alves et al. [166] claimed to

observe a Si isotope effect and an intensity enhancement through Li, and concluded

that the centre was likely large and involved a few atoms.

3.7 The 968meV SA and 812meV SB centres

PL from S-doped Si was first reported in 1986 by Brown and Hall [6]. Two PL

systems were observed and labelled SB and SA, with NP lines at ∼812meV and

∼968meV respectively [168]. A configurational metastability between SB and SA

was observed and was the subject of several detailed studies [168–171]. A zero field

ODMR study revealed a triplet splitting of both NP transitions [170, 172]. The

detected nuclear hyperfine splitting due to a I = 3/2 spin suggested a single Cu at

the core of both centres [170, 172]. Later, a model consisting of substitutional S and

Cui was proposed [171]. Both centres were found to have triclinic C1 symmetry [171].

Bradfield et al. [173] reported a similar PL system in Si doped with Se, and suggested

the involvement of O. It has recently been shown that the SB centre contains at

least three Cu atoms in addition to S by analyzing the centre’s isotopic fingerprint in
28Si [32].
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3.8 The 1044meV “Q line” – the Li4 VSi centre

A discussion of this centre is included, even though it contains no TM, for two reasons.

First, the properties of this centre have much in common with those of the previously

discussed TM-containing IBE centres. Second, we believe that the structure, stability,

and formation mechanisms of this centre are related to those of the TM centres,

which are not yet fully understood. As shown later, Li can be a constituent in the

TM-containing centres, which is perhaps not surprising given that both Li and TM

are rapid interstitial diffusers in Si, and, being interstitials, are in a positive charge

state. We speculate that the Li4 VSi centre can be thought of as a member of the

same family, where the VSi takes the place of a substitutional TM.

The 1044meV PL centre was reported by Johnson et al. [104] and further invesit-

gated by Canham et al. [105, 106], who both concluded on the basis of temperature

dependent, stress and isotope measurements that the “Q” lines at 1044, 1045, and

1048meV thermalize with each other and are the electronic states of a centre with 4

Li atoms at a Si vacancy, with overall symmetry C3v. In a subsequent study, DeLeo

et al. [174] concluded that the Li atoms are likely situated in interstitial regions sur-

rounding the vacancy, rather than placed in the vacancy itself. Lightowlers et al.

[175] and Davies et al. [176] then confirmed previous experimental results, and found

that decay time and Zeeman measurements indicate that the centre was a donor-

like IBE. The properties of the Li4 VSi centre were reviewed by Davies [37]. Later

Tarnow [177] undertook ab initio calculations, and found that similar to earlier stud-

ies [174], the lowest energy ground state would have Td tetrahedral symmetry with

the Li atoms sitting interstitially outside of the Si vacancy, while not excluding an

axial C3v symmetry for the IBE state as observed in experiments.

It is interesting to note that although this centre contains Li, no high energy LVM

replicas were observed, even though we will see that these do exist for Li-containing

TM centres (see Section 5.3.4). The Li4 VSi centre also has none of the very low

energy pLVM replicas typical of the TM-containing IBE, which is perhaps easier to

understand. The system does have some intermediate energy pLVM replicas, labelled

A, B, and C [178], whose energies remain unexplained.



Chapter 4

Experimental Method

This chapter presents details about the samples and the experimental setup. The first

section discusses the materials used to prepare the samples and explains the process

of sample preparation. This is followed by a section giving an overview of Fourier

transform spectroscopy, and ends with an explanation of the experimental setup and

technical means used to carry out the photoluminescence experiments.

4.1 Silicon samples

4.1.1 Sample preparation

All of the results presented in this work use the same highly enriched (99.991%) 28Si

material, which has produced the narrowest linewidths in our previous studies [31–36]

and originates from the Avogadro project [179–181]. This p-type 28Si crystal has a P

concentration of ∼2×1012 cm−3 and a B concentration of ∼5×1013 cm−3, as measured

by photoluminescence, and a C concentration of < 5× 1014 cm−3 (detection limit) as

measured by local vibrational mode absorption [26]. To study the many IBE centres

reported in this work, small samples of the 28Si crystal were treated with different

TM and other impurities to obtain the desired optical centres. After cutting them

from the parent crystal, the samples were etched in HF/HNO3 to remove surface

damage, and then diffused with the desired impurities which were introduced either

48
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Table 4.1: Typical annealing conditions for Pt and Au implants and diffusion condi-
tions for Au, Ag, Cu, S, and Li.

T t method

Au 1000◦C 10min tube (annealing)
Pt 950◦C 10min tube (annealing)

Au 950◦C 2h ampoule (diffusion)
Pt 1000◦C 24h ampoule (diffusion)
Ag 950◦C 2h ampoule (diffusion)
Cu 800◦C 2min tube (diffusion)
S 1100◦C 20h ampoule (diffusion)
Li 800◦C 2min tube (diffusion)

from surface layers, from the gaseous phase in sealed quartz ampoules, or by ion

implantation followed by annealing.

Normally, diffusion and annealing steps were carried out in sealed ampoules, after

evacuation and backfilling with Ar gas at temperatures and diffusion times described

in previous studies of the same IBE centres. The most commonly used diffusion

conditions are listed in Table 4.1. Diffusants were either evaporated onto the sample

before sealing it in the ampoule or a small quantity was sealed in the ampoule together

with the sample. After heat treatment, the sealed ampoules were quenched directly

into methanol, resulting in a moderately fast quench rate. After this, the samples

were removed from the ampoules, cleaned, and etched in HF/HNO3 to ensure a

damage-free surface. The importance of quenching for the formation of IBE centres

was discovered earlier [66, 67]. Quenching prevents the highly mobile Cui from out-

diffusing [5], which would happen during a slow cool-down process. In some cases,

the samples were requenched later directly into methanol after a quick heating to

∼700 ◦C to achieve a much higher cooling rate. While this sealed ampoule technique

was used originally for Cu diffusions, it was later discovered that isotope-specific

Cu and Li diffusions could be accomplished more quickly by heating the sample for

several minutes under flowing Ar in an open quartz tube whose inner surface was

coated intentionally with the desired species, and then quenching that sample into

methanol.



CHAPTER 4. EXPERIMENTAL METHOD 50

Sample surfaces and quartzware were cleaned with KCN solution before any dif-

fusion or annealing treatments to remove metallic contaminants. While this method

generally works well, trace amounts of Cu were always detected in heat-treated and

quenched samples. Cu is an essential part of many of the discussed PL centres. This

residual Cu contamination could be seen mainly in the formation of complexes other

than Cu4, which was always of low intensity without intentional Cu diffusion. While

this unintentional Cu accurately reflected the natCu abundances before enriched Cu

diffusions were performed, later it also showed slightly different ratios due to contam-

ination of the furnace and quartzware. In some cases, such as during the formation

of the Ag4 centre, it was not desirable to trap the Cu in the sample because that

would lead to the formation of Cu-Ag complexes at the cost of Ag4. The formation

of the Ag4 centres was aided by slow cooling or low temperature annealing (∼100◦C),

thereby reducing the amount of available Cui.

The formation of the Li related centres was observed to be a slow process. The

more Li a given centre contained, the less likely it formed during the initial sample

quenches, after which Cu-rich centres dominated the PL spectrum. Storing the sample

for several days at room temperature significantly increased the intensity of Li centres.

This process was accelerated by low temperature annealing (for example 60◦C over

several days), and, even after longer storage times of several months an increase in

the intensity of many Li-rich PL lines was observed. During this process, the highly

mobile Cui likely diffused out of the bulk, being replaced by Li that remains at a

high concentration within the sample due to its lower diffusion coefficient at room

temperature. Therefore, even at room temperature, these centres may not be truly

stable.

For this work, the impurities diffused into the samples were high purity, natural

Cu, Li, S, Ag, Pt, and Au. The natural isotope abundances of these elements are

provided in Table 4.2. To better understand the isotopic fingerprint structure of the

observed complexes, the following high purity, enriched single isotopes were used in

addition: 99.8% 63Cu; 99.6% 65Cu; 95.5% 6Li; 99.99% 7Li; 99% 107Ag; and 99%
109Ag.

The problem of Au having only one stable isotope was solved by preparing samples

containing the radioisotope 195Au. Discs of 28Si with 1mm thickness were implanted
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Table 4.2: Natural isotopic abundances of the impurities used in this work in percent.

natCu natLi natS natAg natPt natAu

63Cu 69.2 6Li 7.6 32S 95.0 107Ag 51.8 190Pt 0.01 197Au 100.0
65Cu 30.8 7Li 92.4 33S 0.8 109Ag 48.2 192Pt 0.8

34S 4.3 194Pt 33.0
36S 0.02 195Pt 33.8

196Pt 25.2
198Pt 7.2

with 195Hg at 60 keV using the ISOLDE facility at CERN [12, 36, 151, 165]. The
195Hg decayed rapidly to 195Au, and this conversion was completed before the PL

experiments were started. One set of samples was implanted with only 195Hg/195Au

at a dose of 2×1013 cm−2; another set was implanted with 1×1013 cm−2 195Hg/195Au

and the same target dose of 197Au (at 100 keV); whereas other samples were prepared

to contain only 197Au either by implantation (1×1015 cm−2 at 100 keV) or by diffusion

from a 197Au, surface layer. 195Au decays to stable 195Pt with a half life of 186 days,

therefore, over time, these samples contained both a decreasing concentration of Au

and an increasing concentration of Pt, which allowed for the study of Pt-containing

centres in the samples originally intended for Au studies. The decay of 195Au involves

only a small recoil energy of 0.3 eV and it was expected that no site change of the

decaying atom would take place [182]. 195Pt is believed to occupy substitutional

lattice sites [183] and, subsequently, this is expected to hold for 195Au as well [182].

For comparison purposes, other Pt-containing samples were prepared by implanting
194Pt, 195Pt, and 198Pt at 60 keV with a dose of approximately 1014 cm−2 and one

by in-diffusion of natPt. The implanted samples and quartzware were cleaned in a

KCN solution to remove metallic surface contaminants and annealed at 900–1000 ◦C

for 10–30 min under flowing Ar to both remove the implantation damage, and to

allow the Au or Pt to diffuse into the bulk of the sample, and then quenched to room

temperature in methanol.

In total, approximately 50 samples were produced in this way, including some natSi

control samples. Most of the 28Si samples were quarter pieces of 1mm thick discs; only
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~5mm

b)

a)

Figure 4.1: a) Some of the samples used for this research project. b) A 28Si disc after
ion-implantation, and a quarter piece of a similar disc, and a 28Si stick, both after
going through diffusion processes. All samples were etched in HF/HNO3 to remove
surface damage. The scale bar indicates the approximate size of all samples.
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a few have rectangular shape, as shown in Figure 4.1. Typically most samples have

undergone several treatments to obtain different combinations of impurity isotopes.

4.1.2 Cu diffusion

The diffusion process used to prepare the samples in the ampoule or tube can be

described as a constant source diffusion, because a sufficiently high amount of Cu is

present in the ampoule. In most cases, the samples were coated with metal before

sealing them into the ampoule. The depth and time dependent diffusion profile can

be calculated according to [184]:

N(x, t) = N0 erfc

(
x

2
√
Dt

)

(4.1)

where N0 is the impurity concentration at the surface andD is the diffusion coefficient.

To use this equation, we assume a constant source of Cu in the quartz tube. At

a diffusion temperature of 800◦C, we obtain a diffusion coefficient of D = 4.5 ×
10−5 cm2/s according to equation (2.14). A sample thickness of x = 2mm is assumed.

The diffusion time t is typically several minutes long; for this calculation we choose

t = 180 s. It follows, that to obtain a diffused Cu concentration ofN(x, t) = 1013 cm−3,

a surface concentration of N0 = 8.6×1013 cm−3 is needed. This is a value that is easily

satisfied by a thin Cu vapor deposition. With a density of ∼1022 cm−3, a thin Cu

layer can be considered as a constant source for this purpose. Therefore the solubility

limit of Cu in Si can be reached under these diffusion conditions. Figure 4.2 shows

the diffusion profile for three different diffusion times.

4.1.3 Au and Pt ion implantation

Different isotopic species of Au and Pt were implanted under similar conditions. Fig-

ure 4.3 shows a simulation of a typical Au implantation into Si. After the implantation

step, the samples were cleaned and annealed. The annealing process heals implan-
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Figure 4.2: The constant source diffusion profile of a Cu diffusion for different diffusion
times t with a diffusion coefficient D = 4.5× 10−5 cm2/s (at 800◦C).

Figure 4.3: Simulation of ion ranges and spread for an implantation of natAu at
100 keV and 7◦ tilt to the [001] normal of natSi. Created with the SRIM software
package [185].
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Figure 4.4: The limited source diffusion profile of an Au implantation with a dose
Q = 1015 cm−2 after 10min at 1000◦C (D = 4 × 10−7 cm2/s) for three different
diffusion times.

tation damage and also acts as a limited source diffusion. The profile of a limited

source diffusion can be calculated according to [184]:

N(x, t) =
Q√
πDt

× e−(x/2
√
Dt)2 (4.2)

where Q is the implantation dose. The 197Au implantation has a dose of Q =

1015 cm−2 and the Au diffusion coefficient is D = 4 × 10−7 cm2/s at 1000◦C [184].

The Au concentration after a t = 10min diffusion process under these conditions is

approximately 1012 cm−3 at a depth of 1mm. Figure 4.4 shows the diffusion profile

for three different diffusion times.

4.2 Fourier transform spectroscopy

Typically as in this case, a Fourier transform spectrometer is a Michelson interfer-

ometer, originally designed in 1891 [186, 187]. The Michelson interferometer splits

the incoming beam into two, and then recombines those beams after introducing a

variable path difference to one of the split beams by means of a scanning mirror
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(see Figure 4.5). Then the output signal can be recorded as a variable of the path

difference δ, which is also referred to as retardation.

Light

Source
Scanning Mirror

Figure 4.5: Schematic of a Michelson interferometer

Given this geometry, a monochromatic light source would interfere with itself in

the detector plain due to the path difference of the two beams, thereby resulting in

the following retardation dependent intensity I ′(δ) [188]:

I ′(δ) = 0.5I(ν)(1 + cos 2πνδ) (4.3)

where ν = 1/λ is the wavenumber and I(ν) is the source intensity. The constant

component does not contain any relevant information. The modulated intensity I ′(δ)

is referred to as the interferogram. In a real world spectrometer, other factors such

as the beam splitter, the detector, and the amplifier modify the signal. These factors

can be modelled with a single wavenumber dependent factor H(ν). Setting B(ν) =

0.5H(ν)I(ν) gives for the interferogram:

I(δ) = B(ν) cos 2πνδ (4.4)

where I(δ) is the cosine Fourier transform (FT) of B(ν). To obtain the spectrum

B(ν) the FT of the interferogram I(δ) has to be calculated.
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When we take equation (4.4) from a monochromatic to a continuous source, the

interferogram is given by an integral over the wavenumber:

I(δ) =

∫ +∞

−∞
B(ν) cos 2πνδ dν (4.5)

with its cosine Fourier transform being:

B(ν) =

∫ +∞

−∞
I(δ) cos 2πνδ dδ (4.6)

Here we see that it is possible to obtain a scan of the entire spectrum over all wavenum-

bers, but on the other hand equation (4.6) also shows a limitation of the Fourier

transform spectrometer. A real interferometer will always have a limited retardation

δ and as we shall see, this results in a finite resolution.

The maximum retardation of the interferogram is restricted to a finite length ∆.

A simple truncation function D(δ), also called the boxcar function, would be:

D(δ) =







1 if −∆ ≤ δ ≤ +∆

0 if δ > |∆|
(4.7)

The spectrum is then modified so that:

B(ν) =

∫ +∞

−∞
I(δ)D(δ) cos 2πνδ dδ (4.8)

Hence the spectrum is a convolution of the FT of I(δ) and D(δ). Whereas the FT of

I(δ) results in the true spectrum, the FT of D(δ) is:

f(ν) = 2∆ sinc 2πν∆ (4.9)

that is a sinc-function, shown in Figure 4.6.
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Figure 4.6: Plot of the D(δ) boxcar function and its Fourier transform f(ν) ∼ sinc ν.

When a true line of infinitessimal width is convoluted with a sinc function, its

width turns finite. For a boxcar truncation function, the full width at half maximum

(FWHM) imposed by the finite path length is [189]:

FWHM =
1.207

2∆
(4.10)

The maximum retardation in the Bomem DA8 spectrometer used for this study is

∆ = 250 cm, corresponding to a maximum resolution of 0.0024 cm−1 (0.3µeV) using

the boxcar truncation.

Due to its shape, the sinc function introduces “ringing” in the spectrum sur-

rounding sharp features that are narrower than the resolution used. Using a different

apodization function for the truncation of the interferogram, like the Blackman-Harris

function, these artifacts can be reduced at the cost of increased FWHM [188].

4.3 Experimental setup

4.3.1 Fourier transform spectrometer

In this study, a Bomem DA8 Fourier transform spectrometer was used with a CaF2

beam splitter to obtain the PL spectra. The instrumental resolution used was between

2.5µeV and 0.6µeV for high resolution spectra, and 60µeV for low resolution spectra

(as used for spectra of LVM and pLVM replicas).
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Figure 4.7: Experimental setup with Fourier-transform interferometer, cryostat, laser,
and detector. The laser beam was directed onto the sample in the cryostat, so that
no laser light was reflected into the collection path of the spectrometer. The emit-
ted photoluminescence signal was then collected with the spectrometer, where the
light passes through the actual interferometer with its two arms, before being passed
through a circular aperture and focused onto the detector.

The PL spectra were collected using bulk excitation at 1047 nm from a Nd:YLF

laser and a liquid nitrogen cooled Ge photodetector (North Coast Scientific E0-817S),

or an InSb detector for spectral regions below the Ge cut-on (∼750meV). The laser

beam was directed onto the sample in the cryostat, so that no laser light was directly

reflected into the collection path of the spectrometer. In some cases doing this was not

possible and two laser rejection filters (Semrock 1064LP), one in the collection path

and the other one between aperture and detector, were used in addition to a 780LP

filter. Figure 4.7 shows a schematic diagram of the spectrometer and its peripherals.
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Figure 4.8: A sample holder used to submerge the samples is superfluid He. The sam-
ples fit into the quarter-disc sized cavities that are clad with gold mirrors. Mounted
samples are held in place with a thin cover glass over the open end of the cavity.

4.3.2 Cryostat

A liquid He immersion cryostat with quartz windows was used for this study. Most

spectra were recorded at temperatures below the λ-point in superfluid He. Pressures

as low as 3mmHg were achieved with a mechanical vacuum pump. The reduced

He vapour pressure corresponds to a temperature of ∼1.5K. In this study, the main

advantage of working with superfluid helium is an improved signal-to-noise level as

compared to helium at 4.2K. In the superfluid state, helium boil-off bubbles disappear

and do not interfere with the optical path. In addition, thermally activated excitations

in the sample were reduced to a minimum. Higher sample temperatures of 4.2K were

used to observe higher energy components of the split IBE ground states.

Figure 4.8 shows how the samples were mounted in a brass sample holder. Slots

were cut into the brass sheet to accommodate the samples, which were then covered

with Au mirrors on two sides and a glass cover on the third side, through which the

excitation and PL emission take place. These highly reflective cavities increased the

PL yield. The samples were loosely held in the cavities, with their own weight being

the only force on them to avoid any mechanical strain. Sufficient gaps were included

in the sample holder to ensure He contact of the samples at all times.
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4.3.3 Other experimental methods

The primary concern of this study is the observation of isotopic fingerprints of NP

transition lines through PL spectroscopy. Other experiments, including absorption

or PLE spectroscopy, have been done on some of the studied impurity centres in the

past (see Chapter 3). These methods are not expected to significantly benefit from

the use of 28Si material and contribute to to the study of isotopic fingerprints because

they are used mainly to study the electronically excited state spectrum. Furthermore,

the samples used here are usually very small, therefore they do not lend themselves

to absorption experiments. Similar arguments can be made for stress and Zeeman

spectroscopy, for which the studied PL lines often would not be bright enough.



Chapter 5

Results

In this chapter we review the results of isotopic fingerprints obtained using highly

enriched 28Si. Although some results have been published before [31–36, 190], many

new details are presented here. The subsections are organized in a partially historical

way, following the developments as various, previously known and new centres were

studied in 28Si. This chapter is also organized in a way that anticipates our proposal

that the four- and five-atom containing TM centres have, at their core, a substitutional

TM, surrounded by interstitial TM, usually Cu, but also Ag or the non-TM Li. This

model clearly does not apply to the S-containing SA and SB centres, which are included

because they are IBE centres that also contain Cu.

5.1 Cu and Ag-related centres

In this section, defect centres related to Cu and Ag will be introduced, including those

cases where Li is seen to substitute for Cu. Figure 5.1 shows an overview of the PL of

these complexes. The energies of their NP lines are summarized in Table 5.1 together

with the relative intensities of different electronic states. The isotope shifts of the NP

lines per atomic mass unit (amu) are given in Table 5.2. All of these centres also have

low energy pLVM, replicas which are shown in Figure 5.2 on a scale displaying their

shift from their respective NP line. The replica energy shift, FWHM, and, where

available, the measured isotope shift expressed as the ratio of the pLVM energy for a

sample doped predominantly with the heavier isotope of the relevant species divided

62
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Figure 5.1: Overview of the luminescence of complexes involving Cu, Ag, and Li at
low spectral resolution. The unresolved NP lines are labelled with the identity of the
complex, whereas the “#” marks some of the prominent pLVM replicas.

by the pLVM energy in a sample doped predominantly with the lighter isotope are

tabulated in Table 5.3. The observed relative isotope shifts of the pLVM are compared

to the simplest possible model, in which the pLVM energy goes as the inverse square

root of the mass. Note that these tables and figures also show data for Au-related

complexes which are discussed in Section 5.2.
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Table 5.1: Energies (in meV) at 1.5K of the NP transitions of all identified Cu,
Ag, and Au containing complexes in 28Si, including all states observable at liquid
He temperatures. For those complexes containing Pt, see Table 5.4. The energies
are given for the specific complexes where any Li is 6Li, any Cu is 63Cu, any Ag is
107Ag and any Au is 197Au. Errors are smaller than 2µeV. The relative intensities
for the different electronic transitions are measured from low resolution spectra at
4.2K or adjusted to 4.2K from lower temperature data, and normalized to 1 for
the strongest electronic transition of each centre. The labels given in braces are
assignments made in previous publications, with references to their first appearance:
† ref. [110]; ] ref. [95, 152]; � ref. [145]; †† ref. [8]; ‡ ref. [55].

Complex Energy Intensity Complex Energy Intensity

Cu3Au {0}† 734.579 1 Cu2Ag2 867.389
Cu3Au {1}† 735.059 0.48 CuLi2Ag 909.848
Cu2LiAu 735.177 0.04 Cu3Ag {?Cu0

0}� 943.704 0.05
Cu2LiAu 735.231 1 Cu3Ag {?Cu0

0}� 943.753 1
CuLi2Au 746.714 1 Cu4 {Cu0

0Γ4}†† 1014.435 1
CuLi2Au 748.670 0.04 Cu4 {Cu0

0Γ3}†† 1014.576 0.14
Li3Au 764.573 0.02 Cu3LiAu 1052.744
Li3Au 764.821 0.23 Cu2Li2Au 1063.223 0.05
Li3Au 764.906 0.03 Cu2Li2Au 1063.442 0.73
Li3Au 765.274 1 Cu2Li2Au 1063.985 1
Li3Au 765.393 0.26 Cu4Au {FeB0

1}‡ 1066.649
Ag4 {F0}] 778.667 0.02 CuLi3(Au)

∗ 1090.199
Ag4 {A}] 778.879 1
Ag4 {B}] 779.767 0.07
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Table 5.2: The observed isotope shifts of the NP lines of the centres studied here, in
µeV per atomic mass unit (amu), relative to the energy for the complex where any
Li is 6Li, any Cu is 63Cu, any Ag is 107Ag, and any Au is 197Au. For those centres
containing Pt, see Table 5.5. The Au content of the centres labeled with “∗” could not
be verified with isotopic fingerprints, so no isotope shift value is available. † Values for
the Li4 VSi “QL” centre, which was not studied here, are taken from reference [178].
PL energies are in meV.

Complex Energy Li Cu Ag Au

Cu3Au 734.579 1.9 2.3
Cu2LiAu 735.231 33 3.2 2.0
CuLi2Au 746.714 38 4.0 1.4
Li3Au 764.821 33 ∼0
Ag4 {A} 778.879 3.1
Cu2Ag2 867.389 10 1.6
CuLi2Ag 909.848 145 20 2.2
Cu3Ag 943.753 11 1.5
Cu4 {Γ3} 1014.576 9.5
Li4 VSi “QL”

† 1044 237
Cu3LiAu 1052.744 64 3.0 2.7
Cu2Li2Au 1063.985 35 4.0 2.6
Cu4Au 1066.649 2.0 2.2
CuLi3(Au)

∗ 1090.199 35 4.1
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Figure 5.2: Low resolution spectra of the pLVM replicas of all centres listed in Ta-
ble 5.3 are shown versus the energy shift from the respective NP transitions. Labels
for previously reported replicas are assigned according to the references given to-
gether with that table. The Cu2LiAu phonon mode slightly overlaps with the Cu3Au
replicas, as indicated. Unidentified NP lines are marked with a “?”.
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Table 5.3: Centres, excluding those containing Pt, with significant low energy pLVM
replicas are listed with their respective pLVM energies Ep (in meV, errors are typically
±0.02meV), and FWHM (in meV). No higher order or combination mode replicas
are listed, although they are often observed. Where available, the isotope shifts are
given as the ratio rE of the observed pLVM energy in a sample doped predominantly
with the lighter isotope of the relevant species vs. that in a sample doped with the
heavier isotope. These ratios can be compared to the the ratios rm given in Table 2.1.
No statistically significant isotope shift could be observed for replicas labeled “∗”; for
“n.a.” no data was available. The labels given in braces are assignments made in
previous publications, with references to their first appearance: † ref. [110]; ] ref. [152];
� ref. [145]; †† ref. [8] ([73]); ‡ ref. [55].

Ep FWHM rE(Cu) rE(Ag)

Cu3Au {A}† 7.35 0.81 ∗

Cu3Au {B}† 9.41 0.71 1.011(1)
Cu2LiAu 7.14 0.62 ∗

CuLi2Au 6.70 0.48 ∗

CuLi2Au 8.24 n.a. n.a.
CuLi2Au 9.63 n.a. n.a.
Li3Au 7.30 0.71 ∗

Ag4 {a1}] 5.91 0.51 1.008(2)
Ag4 {a3}] 14.70 0.38 1.006(2)
Ag4 {a4}] 22.12 0.31 1.010(2)
Cu2Ag2 6.48 0.76 n.a. n.a.
CuLi2Ag 7.23 0.90 n.a. n.a.
CuLi2Ag 9.20 1.14 n.a. n.a.
CuLi2Ag 11.51 1.43 n.a. n.a.
Cu3Ag {?Cu1

0}� 6.44 0.67 n.a. 1.006(1)
Cu4 {Cu1

0 (1)}†† 7.03 0.69 1.013(1)
Cu3LiAu 10.04 0.46 n.a.
Cu4Au {FeB1

1}‡ 9.74 0.45 1.013(1)
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5.1.1 The 1014meV Cu4 complex

As discussed in Section 3.1, the ∼1014meV PL line was long thought to be due to a

Cu-pair centre. Only recently, as part of this thesis, has it been shown conclusively

that it is a four Cu-atom complex [31, 33]. Figure 5.3 shows the Cu4 NP lines of the Γ4

and Γ3 electronic states [8] with their lowest energy line at 1014.44 and 1014.58meV

respectively. While the lower energy Γ4 state shows a complicated splitting, the

Γ3 state is straightforward to analyze. The lines labeled with numbers from 0 to

4 stand for the number of 65Cu in the Cu4 complex, so the lowest energy line is

due to complexes with 4 63Cu atoms. By replacing the lighter isotopes with 65Cu

one-by-one, we reach the highest energy line, which is due to 4 65Cu atoms. In

the spectrum shown in Figure 5.3 the relative intensities of those five lines reflect

the natural abundance of the two stable Cu isotopes in a four-atom cluster very

accurately. The extra structure seen for the Γ4 transition was explained as being due

to the effects of different arrangements of the two Cu isotopes in complexes containing

mixed isotopes, because the 0 and 4 lines are seen to be unsplit [31, 33]. Whereas the

overall structure of Γ3 seems to be much simpler than that of Γ4, a small splitting

can be observed for line 1 of Γ3, whereas lines 2 and 3 show a slight broadening.

Tables 5.1 and 5.2 list the energy of the lowest energy line in 28Si and the isotope

shift per atomic mass unit (amu) of Cu4, respectively. The experimental results have

led to a renewed interest in modeling the Cu4 centre, as discussed in Section 3.1.

In Figure 5.2 a spectrum of the pLVM replicas of Cu4 is shown on a scale that

shows their shift from the NP line. The replica energy, its FWHM, and the measured

isotope shift, in this case as the ratio rE = Ep(
63Cu)/Ep(

65Cu), are listed in Table 5.3.

Our data for the isotope shift for Cu4 of 1.013 compares well to the ratio of 1.010

measured by Weber et al. [8] and is slightly lower than the expected shift of 1.016,

according to the simple model discussed above.

5.1.2 The 944meV Cu3Ag complex

The Cu-containing centre at ∼944meV was often referred to as ?Cu, as described

in Section 3.2, and was thought to be related to the 1014meV Cu4 centre. The PL

spectra [33] of this centre in 28Si as a function of Cu isotopic composition are shown



CHAPTER 5. RESULTS 69

P
L

 I
n

te
n

s
it
y

65
Cu

63
Cu

28
Si

      Cu
4

T=1.5K

28
Si

nat
Si:

nat
Cu

nat
Cu

 Γ
3

 Γ
4

x3

 

x3

0

1

2

3
4

0

1

2

3

4

1014.45 1014.50 1014.55 1014.60 1014.65

Photon Energy (meV)

Figure 5.3: The figure shows the Cu4 NP lines (∼1014meV) in natSi diffused with
natCu (top, downshifted by 62µeV for clarity). It is compared with those in 28Si
samples diffused with either natCu (middle), or enriched 63Cu or 65Cu (bottom). 0 . . . 4
denotes the number of 65Cu in the Cu4 complex. Γ4 is the lowest energy ground state
component, while Γ3 is a component of the electronic ground state at slightly higher
energy [8]. All spectra recorded at 1.5K and resolutions better than 2.5µeV.

in Figure 5.4, demonstrating that the centre contains three Cu atoms with a further

splitting of almost equal intensity (labelled “a” and “b”) that can be attributed to

the stable Ag isotopes 107Ag and 109Ag, which have almost equal natural abundance.

The effects of Ag isotope substitutions for this centre are shown on the right side

of Figure 5.5, conclusively proving the incorporation of one Ag atom. Like Cu, Ag

is a rapid interstitial diffuser in the positive charge state and comes from the same

column of the periodic table. The Cu3Ag centre has two electronic states with the

lowest energy NP transitions (for 63Cu and 107Ag) at 943.70meV and 943.75meV, of

which the higher one is stronger, as summarized in Table 5.1.

While no Cu isotope shift could be observed in the pLVM structure of Cu3Ag,

a Ag isotope shift of 1.006 was seen, which compares to an expected shift of 1.009.

Further details can be seen in Figure 5.2 and Table 5.3.
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Figure 5.4: The spectra show the NP luminescence of the Cu3Ag centre in 28Si for
samples with different Cu isotopic compositions. Labels 0, 1, 2, and 3 give the number
of 65Cu contained in the centre.

5.1.3 The 867meV Cu2Ag2 complex

The discovery of Cu3Ag suggests that a series of centres of the form CuxAg(4−x)

may exist, and a new centre was found in the same samples with its lowest energy

component at 867.39meV, shown on the left side of Figure 5.5. The triplet structure

with respect to both the Cu and Ag isotopes reveals it to be a Cu2Ag2 centre [33].

The components labeled “a” through “c” denote from 0 to 2 109Ag in the centre.

While spectra of Cu2Ag2 for different Cu isotopic enrichments are not available, it is

possible to compare the intensities of the different Cu components of the spectrum

of Cu2Ag2 to those of Cu3Ag (shown on the right side of Figure 5.5) and Cu4 in

the same sample. A consistent isotopic content of ∼44% 65Cu was found in all three

cases. The relative intensities of the Ag components in the sample that contains natAg

are in good agreement with the known natural Ag isotopic composition. Thus it is

clear that the 867.39meV PL centre consists of two Cu atoms in addition to two Ag

atoms. The Cu2Ag2 PL has always been found to be much weaker than that of the

Cu3Ag PL, which, in samples containing Ag, can be comparable to or greater than

the Cu4 PL intensity.

The PL of the Cu2Ag2 is very weak and, therefore only the energy and FWHM

of the principal pLVM replica could be determined. Further details can be seen in

Figure 5.2 and Table 5.3.
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Figure 5.5: The spectra show the NP lines of the Cu3Ag and Cu2Ag2 centres in 28Si
containing Cu at near-natural abundance and either natAg, 107Ag, or 109Ag. Labels
0, 1, 2, and 3 give the number of 65Cu contained in the centre, and “a, b, c” specify
the number of 109Ag, from 0 to 2.

While the sequence Cu4–Cu3Ag–Cu2Ag2 suggests that a CuAg3 PL centre may

exist, we were never able to find any evidence for such a centre, despite considerable

effort.

5.1.4 The 778meV Ag4 complex

Although no CuAg3 centre was observed in our samples, it was found that the

∼778meV centre, which has been previously attributed to a single Ags, indeed fits

into this series as the Ag4 complex [33]. This centre was always the most intense line

in Ag-diffused 28Si after quenching in the closed ampoule, but subsequent requench-

ing, even with careful cleaning, shifted most of the PL intensity to the complexes

containing both Ag and Cu. In Figure 5.6 the top spectrum shows 28Si diffused with
natAg. Both the F0 ground state with its lowest energy component “a” at 778.67meV

and the much stronger excited state A at 778.88meV, as labeled by Davies et al. [95],

split into five components, labeled “a” through “e” that denote from 0 to 4 109Ag in

an Ag4 centre, with their relative intensities accurately predicted by the natAg isotopic
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Figure 5.6: The upper spectrum shows the NP lines of the ∼778.88 A transition,
as well as the ∼778.67meV F0 transition of the Ag4 complex for natAg in 28Si. The
lower spectra show the same transitions for samples diffused with either 107Ag or
109Ag. Labels “a” through “e” denote the number of 109Ag, from 0 to 4 respectively,
in the Ag4 complex. All spectra recorded at 1.5K and resolutions better than 2.5µeV.

abundance. The spectra for the enriched 107Ag and 109Ag samples are dominated by

the “a” and “e” components, respectively, as expected. Thus the 778meV Ag centre

was conclusively shown to be an Ag4 complex [33], very similar to the Cu4 centre. A

third electronic state B was observed with its lowest energy fingerprint component

at 779.77meV. Tables 5.1 and 5.2 list the energies and isotope shifts per amu for the

NP lines of the Ag4 centre.

Several pLVM replicas could be observed for Ag4, and Ag-related isotope shifts

could be observed. The values are listed in Table 5.3 and are close to the expected

shift of 1.009. Two of the pLVM replicas are shown in Figure 5.2.

5.1.5 The CuLi2Ag complex

Following the discovery [34–36] that Li could replace Cu in the Au- and Pt-containing

complexes, a sample that contained a mixture of the two stable Li isotopes, in addition

to natural Cu and Ag, was produced. At first, this sample did not show any new Li-

related PL centres, but similar to the Li-containing complexes of Au or Pt (see below),

the previously unknown CuLi2Ag complex with its lowest energy line at 909.85meV

was observed after storing the sample at room temperature for an extended period.

A spectrum of the NP line of this centre is shown in Figure 5.7. Fits to the different

components (“a” and “b”, 0 and 1, respectively) confirm the content of natAg and
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Figure 5.7: The spectrum shows the NP lines of the ∼909.85meV CuLi2Ag centre
for a 28Si sample containing natAg, natCu and a mixture of 6Li and 7Li. Labels “a”
and “b” denote the number of 109Ag, as 0 or 1 respectively; letters K, L, M designate
the number of 7Li atoms, from 0 to 2; and numbers 0 and 1 stand for the number of
65Cu in the cluster. Spectrum recorded at 1.5K and a resolution of 1.3µeV.

natCu, whereas the relative intensities of the Li related components, labelled with

letters K, L, M to designate the number of 7Li atoms from 0 to 2, compare well to

a different centre in a different sample with confirmed Li content that was diffused

using the same Li source. No further Ag-Li centres could be observed, and no centres

containing only Cu and Li were ever observed. Earlier reported Cu-Li centres [34]

were discovered to also contain Au, as discussed in Section 5.2.4. Tables 5.1 and 5.2

list the energy and isotope shifts per amu for the CuLi2Ag centre. It is interesting to

note that this complex shows remarkably large Li and Cu isotope shifts.

The CuLi2Ag centre has three strong pLVM replicas. Due to a shortage of 28Si

material, no further samples were produced to study possible isotope shifts of these

modes. The energies of these replicas are listed in Table 5.3 and their spectrum is

shown in Figure 5.2. The sharp features at the low energy end of this spectrum are

unidentified NP lines. No high energy LVM replicas that may result from Li motion

were observed for this centre, but this might be explained by spectral interference

from other PL centres in the region of interest.

5.2 Au-related centres

In this section, we discuss IBE PL centres that contain Au together with Cu, and/or

Li. Figure 5.8 shows an overview of these complexes, and their NP energies are
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Figure 5.8: Overview of the 4-atom (Cu,Li)3Au and the 5-atom (Cu,Li)4Au series at
low spectral resolution. The unresolved NP transitions are labelled with the identity
of the centre and “#” marks some of the prominent pLVM. At the high energy side are
the transverse-optical (TO) phonon replicas of the shallow B and Li bound excitons.

summarized in Table 5.1. The isotope shifts of the NP lines are given in Table 5.2.

Many of these centres also have pLVM replicas that are shown in Figure 5.2 and their

energies are tabulated in Table 5.3.

5.2.1 The 735meV Cu3Au complex

Like Ag, Au is in the same column of the periodic table as Cu and so it is another

likely candidate for the formation of IBE complexes together with other TM and/or

Li. Au is one of the most thoroughly studied deep metallic defects in Si. Au-diffused
28Si samples have shown a dominant PL system with NP lines at ∼735meV [33],

together with characteristic pLVM replicas, which have been observed previously in
natSi. As discussed in Section 3.4, this centre was originally attributed to Fe, whereas

later studies showed the involvement of Au. As shown in the top panel in Figure 5.9,

in 28Si the isotopic fingerprint of the 735meV system reveals that it contains three

Cu atoms [33], but until recently the number of Au atoms was unclear. This was

remedied when 28Si samples that were implanted with the unstable 195Au radioisotope
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Figure 5.9: Spectra of the 4-atom CuxLi(3−x)Au series in 28Si. Numbers from 0 to
3 designate the number of 65Cu atoms in the cluster; “α” labels a spectroscopic line
due to 195Au and “β” a line due to 197Au; letters K, L, M, N designate the number
of 7Li atoms in the cluster, from 0 (K) to 3 (N). Peaks labeled “?” are of a different
electronic state. All spectra recorded at 1.5K and resolutions better than 1.4µeV.
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Figure 5.10: Spectra of the pLVM replicas of the Cu3Au centre in 28Si diffused with
197Au. The solid spectrum is due to 63Cu; the dashed spectrum is due to 65Cu. The
“A” replica superimposes in both spectra, indicating that it has no Cu-related shift.
The “B” replica shifts strongly with a change in Cu isotope composition. The 65Cu
spectrum has been downshifted by 11.5µeV to compensate for the shift of the NP
line. Both spectra recorded at 1.5K and a resolution of 0.6meV.

were used [35], allowing for the detection of an Au fingerprint in conjunction with

the stable isotope 197Au. Labels “α” and “β” were introduced to label PL lines due

to a single 195Au or a single 197Au atom in the complex, respectively [35]. Only two

peaks, “α” and “β”, can be observed, indicating the presence of a single Au atom.

The isotope shift for Au in this centre is larger than that for Cu, even though Au

is much heavier. We can now conclusively say that the 735meV system is a Cu3Au

complex.

The characteristic “A” and “B” pLVM replicas of the Cu3Au centre are shown

in Figure 5.2. As seen in Figure 5.10, the 7.35meV “A” replica shows no significant

shift with the change of Cu or Au isotopes, whereas the 9.41meV “B” replica shows

a significant Cu-shift. No significant Au shift was observed for either replica.

5.2.2 Four-atom (Cu,Li)3Au complexes

Although initial suggestions [33] of a family of complexes with the members Cu2Au2

and CuAu3 could not be confirmed, a different series of four-atom complexes that

form in the presence of Li has been reported [35]. This (Cu,Li)3Au series is shown in

Figure 5.8 with high resolution details provided in Figure 5.9.



CHAPTER 5. RESULTS 77

Li with natural isotope abundances as well as enriched 6Li and 7Li, was introduced

into 28Si samples, and the centres Cu2LiAu, CuLi2Au, and Li3Au were found. Thus

a series of four-atom (Cu,Li)3Au complexes is observed. In Figure 5.9, these new

family members are shown along with Cu3Au in the order of increasing Li content.

For Cu and Au, the familiar labels from 0 to 3, and “α” or “β”, are used respectively

to identify peaks due to different isotope combinations of Cu and Au, whereas labels

K, L, M, and N are introduced to label the number of 7Li atoms from 0 to 3 in each

complex. In the case of Li3Au, an Au isotope shift could not be determined reliably.

In this series, a decreasing Au isotope shift is observed with an increasing amount

of Li in the complex, so a smaller shift is expected for Li3Au. As the Cu content

reduces in the complexes, the Cu isotope shift increases while no definitive trend can

be observed for Li. Tables 5.1 and 5.2 list the energies and isotope shifts per amu for

each centre. For Cu3Au, two different electronic states are observed, with their lowest

energy PL lines at 734.58meV and 735.06meV, where the lower energy state has the

higher PL intensity. Cu2LiAu has two states at 735.18meV and 735.23meV, with the

higher one being much stronger. CuLi2Au has electronic states at 746.71meV and

748.67meV, with the former being much stronger, and Li3Au has 5 different electronic

states at 764.57, 764.82 (strongest at 1.5K), 764.91, 765.27 (strongest at 4.2K), and

765.39meV. For reasons of simplicity, Figure 5.9 only shows transitions from one

electronic state for each complex, although all states of a given centre showed similar

fingerprints.

pLVM replicas were observed for all (Cu,Li)3Au centres, as shown in Figure 5.2

and summarized in Table 5.3. The relatively weak PL, together with overlap with

other PL systems, prevented any isotope shift measurements for the pLVM replicas

of the four-atom systems containing both Li and Au. We have observed a high

energy LVM replica, presumably involving motion of Li, for only one Au-containing

centre: CuLi2Au. Its spectrum is shown in Figure 5.19 and its energy is listed in

Table 5.7, together with other high energy LVM replicas that were observed for the

Pt-containing centres. Again, the absence of high energy LVM replicas for the other

centres containing both Au and Li could simply be due to the weak PL of some

of these systems, and the overlap of the relevant energy region with PL from other

centres.
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5.2.3 The 1066meV Cu4Au complex

As reviewed in Section 3.5, the 1066.649meV centre was originally thought to in-

volve B and Fe, and it was often referred to as the Fe-B pair centre, while later the

participation of Au was discovered. Only recently [35] the centre was shown to be

Cu4Au. The NP transition studied here is referred to as FeB0
1 in previous studies [55].

The much weaker, lower energy FeB0
0 NP PL could not be observed in our high res-

olution spectra with sufficient signal-to-noise ratio to be useful. Figure 5.11 shows

that an isotopic fingerprint corresponding to four Cu atoms, as well as a single Au

atom, can be observed. The top spectrum shows natCu with an underlying fit of four

peaks representing peaks 0 to 3. Peak 4 due to four 65Cu is too weak to be fit. In

the lower spectra, enriched Cu was used together with 195Au or 197Au to produce

single peaks. Figure 5.11 also shows one sample with mixed Au isotopes, in which

the PL line appears slightly broader with a shoulder where the peak due to 195Au is

expected, which is of lower concentration in this sample than 197Au. The signal to

noise ratio is relatively small, but the Au isotope shift is clearly resolved, showing the

“α” and “β” peaks. It should also be noted that the Cu and Au isotope shifts are

close to those of Cu3Au, but the width of the individual components is more than

twice that of Cu3Au. Therefore the individual peaks in a sample of mixed Cu or Au

isotopes cannot be resolved in Cu4Au. A sample diffused with 54Fe was prepared to

test whether Fe may be a part of the centre, but while the 1066.649meV line was

present, no Fe-related shift could be observed. Natural Fe has an abundance of 92.8%
56Fe, so a shift similar to the shift due to Cu isotopes should have been observable if

the centre contained Fe.

The pLVM replicas of the Cu4Au centre are dominated by the ∼9.7meV mode

previously reported by Sauer and Weber [55], which replicates both the FeB0
0 and

FeB1
1 electronic transitions. A Cu isotope shift could be observed for this mode, but

not an Au shift, as summarized in Table 5.3 and Figure 5.2.

5.2.4 Five-atom (Cu,Li)4Au complexes

The five atoms detected in the core of the Cu4Au complex were a surprise at first,

given the dominance of four-atom complexes detected by the isotopic fingerprint
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Figure 5.11: Spectra of the Cu4Au centre in 28Si. Numbers from 0 to 4 designate
the number of 65Cu atoms in the cluster; “α” labels a spectroscopic line due to 195Au
and “β” a line due to 197Au. The four peaks underneath the upper spectrum are the
result of a fitting routine, omitting the weak peak 4. All spectra recorded at 1.5K
and resolutions of better than 2.5µeV.

method until then, but the Cu4Au complex was soon [35] found to be the prototype

of a series of five-atom complexes with Li sequentially replacing Cu. A preliminary

report [34] on these complexes prior to the studies [35] with the radioisotope 195Au

did not recognize the involvement of Au in those centres, therefore, at that time

they were incorrectly labeled Cu3Li, Cu2Li2, and CuLi3, even though they were only

observed in samples known to contain Au. The isotopic fingerprint of Au now clearly

reveals an Au isotope shift for two of these complexes, as shown in Figure 5.12. This

figure shows in the upper two panels that Cu and Li isotope shifts, as well as an Au

isotope shift due to a single Au atom, can be observed for Cu3LiAu and Cu2Li2Au.

The labeling scheme in the figure follows the usual pattern, with numbers 0 to 3,

letters K, L, M, N, and Greek letters “α” and “β” standing for the number of 65Cu,
7Li, and 197Au, respectively. The lower panel in Figure 5.12 shows the CuLi3(Au)

centre for which the involvement of one Cu and three Li-atoms can be verified. The

PL of this centre has always been weak and it is obscured by a nearby transverse-

optical phonon replica of shallow bound exciton PL. It was only observed in Au-
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diffused rather than implanted samples, presumably due to the low implantation dose.

Therefore the Au content of the centre cannot be verified by an isotopic fingerprint,

but the evidence strongly suggests that it is part of the (Cu,Li)4Au series. Unlike

the trend for the four-atom (Cu,Li)3Au complexes, for the five-atom complexes the

Au isotope shift remains almost constant going from Cu3LiAu to Cu2Li2Au, and

the Li isotope shift decreases with increasing Li content, whereas the Cu isotope shift

increases with decreasing Cu in the complex, similar to the behaviour seen for the four-

atom complexes. As for the four-atom Au complexes, an increased Li content leads

to a lower binding energy of the IBE. Although only one electronic state each could

be observed for Cu3LiAu (1052.75meV) and CuLi3(Au) (1090.20meV), Cu2Li2Au

shows three electronic states at 1063.22meV, 1063.44meV (strongest at 1.5K) and

1063.98meV (strongest at 4.2K). Tables 5.1 and 5.2 list the NP energies and isotope

shifts per amu for this series.

Of these three complexes, only Cu3LiAu shows a pLVM replica, but no significant

isotope shift ot the pLVM replica could be observed (see Table 5.3 and Figure 5.2).

The absence of pLVM replicas for the other two complexes likely results from the low

PL intensity and interference from other PL systems in the region of interest.
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Figure 5.12: Spectra of the 5-atom CuxLi(4−x)Au series in 28Si. Numbers from 0. . . 4
designate the number of 65Cu atoms in the cluster; “α” labels a spectroscopic line
due to 195Au and “β” a line due to 197Au; letters K, L, M, N designate the number
of 7Li atoms in the cluster, from 0 (K) to 3 (N). All spectra recorded at 1.5K and
resolutions better than 1.4µeV.
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5.3 Pt-related centres

As reviewed in Section 3.6, two of the deep PL centres discussed here were previously

associated with Pt, namely the 777meV and 884meV centres [12, 151, 165]. We first

discuss these two centres and then focus on other newly discovered Pt complexes

that are related to these centres. When isotopic fingerprints for the 777meV and

884meV centres were first reported in samples containing 195Pt [35], the number of

Pt atoms could not be determined. Only a further study involving samples diffused

with other stable Pt isotopes proved the involvement of a single Pt atom [36]. The

previously reported 1026meV Pt-related centre [165, 191] was not observed in any of

our Pt-containing 28Si samples.

Figure 5.13 shows an overview of all of the NP lines of the Pt-containing deep

centres discussed here, including the 777meV Cu4Pt complex, the 884meV Cu3Pt

complex, and the four-atom (Cu,Li)3Pt and the five-atom (Cu,Li)4Pt series resulting

from Li substituting for Cu [36]. Note that these spectra were taken at high resolution

and therefore the relatively broad pLVM and LVM replicas are not seen, unlike in

Figure 5.1. Many of the associated LVM and pLVM replicas are detailed in the lower

resolution spectra of Figures 5.14 and 5.19.

The energies of the NP lines for all of the observed electronic states of the Pt-

containing complexes reported here are summarized in Table 5.4 together with their

relative intensities. Similarly, the NP isotope shifts per amu are listed in Table 5.5.

The limited availability of Pt samples and the weakness of some of the pLVM

replicas, together with the small shifts expected for Pt, and the multiple Pt isotopes

present in all but the 195Pt samples, made it impossible to obtain Pt isotope dependent

pLVM shifts for the Pt-containing centres. Nevertheless, a number of pLVM replicas

could be observed and their energies are listed in Table 5.6. All observed Pt low

energy pLVM replicas are shown in Figure 5.14, where they are stacked on a scale

showing the energy shift from their respective NP lines.
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with a “?” are Au-related centres (the 195Pt resulted from the decay of 195Au, some
of which remains in the sample [35]).

Table 5.4: Energies (in meV) at 1.5K of all identified Pt-related complexes, including
all states observable at liquid He temperatures. The energies are given specifically
for centres where any Li is 6Li, any Cu is 63Cu, and any Pt is 195Pt. The relative
intensities for the different electronic transitions are extracted from low resolution
files at 4.2K. Errors are smaller than ±2µeV. † Label assigned in reference [12].

Complex Energy (meV) Intensity Complex Energy (meV) Intensity

Li4Pt 650.918 1 Li3Pt 814.782 0.03
Li4Pt 651.056 0.05 Li3Pt 814.882 1
CuLi3Pt 671.291 0.01 CuLi2Pt 827.451 0.06
CuLi3Pt 671.643 1 CuLi2Pt 827.569 1
CuLi3Pt 671.647 0.03 Cu2LiPt 849.962 0.08
Cu2Li2Pt 694.571 0.20 Cu2LiPt 850.131 1
Cu2Li2Pt 694.613 1 Cu2LiPt 851.192 0.18
Cu3LiPt 725.599 1 Cu3Pt 882.360 0.22
Cu3LiPt 725.829 0.13 Cu3Pt 883.432 1
Cu4Pt 776.779 0.01 Cu3Pt 883.792 0.86
Cu4Pt {A}† 776.926 1
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Table 5.5: The observed Li, Cu, and Pt isotope shifts of the NP lines of the centres
studied here, in µeV per atomic mass unit (amu), as compared to the energy of the
transition of the specific complex where any Li is 6Li, any Cu is 63Cu, and any Pt is
195Pt. PL energies are in meV.

Complex Energy Li Cu Pt

Li4Pt 650.918 41 3.1
CuLi3Pt 671.643 46 4.1 3.6
Cu2Li2Pt 694.571 51 4.3 2.8
Cu3LiPt 725.599 86 2.9 2.8
Cu4Pt 776.779 1.7 2.1
Li3Pt 814.882 52 4.2
CuLi2Pt 827.569 50 5.8 3.0
Cu2LiPt 850.131 70 2.3 2.9
Cu3Pt 882.360 3.6 2.2

Table 5.6: Pt centres with significant low energy pLVM replicas are listed with their
respective pLVM energies Ep (in meV, errors are typically ±0.02meV), and FWHM
(in meV). Where available, the isotope shifts are given as the ratio rE of the observed
pLVM energy in a sample doped predominantly with 63Cu vs. that in a sample doped
with 65Cu. These ratios can be compared to the the ratios rm given in Table 2.1. For
Cu4Pt, labels “a” and “b” indicate different combination modes. For “n.a.”, no data
was available. No Pt-related isotope shifts could be observed.

Ep FWHM rE(Cu)

Cu2Li2Pt 10.03 0.4 n.a.
Cu3LiPt 10.73 0.5 n.a.
Cu3LiPt 21.93 0.5 n.a.
Cu4Pt (a) 9.82 0.3 1.012(1)
Cu4Pt (2a) 19.21 0.6 1.012(3)
Cu4Pt (b) 20.92 0.4 1.015(2)
Cu4Pt (3a) 28.84 0.7 1.013(2)
Cu4Pt (a+b) 30.75 0.5 1.015(2)
Cu2LiPt 9.93 1.4 n.a.
Cu3Pt 9.36 0.3 1.011(2)
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Figure 5.14: Low resolution spectra of the pLVM replicas of all centres listed in
Table 5.6 shown versus the energy shift from the NP line.
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5.3.1 The 777meV Cu4Pt complex

Samples containing several different Pt isotopes were produced, and the number of

Pt atoms in all centres shown here was determined to be one [36], similar to the Au

complexes introduced earlier [35]. Figure 5.15 shows the 777meV centre in 28Si for

three samples with different Cu isotope content, demonstrating the involvement of

four Cu atoms. To identify the different components of the Pt PL centres, the now

familiar labeling scheme is used. In Figure 5.15 the lines are labeled with numbers

from 0. . . 4, where the lowest energy line is due to complexes with 4 63Cu atoms

and the highest energy line is due to a complex having 4 65Cu atoms. In the upper

spectrum shown in Figure 5.15, the relative intensities of these five lines accurately

reflect the natural abundance of the two stable Cu isotopes in a centre containing four

Cu atoms. The two spectra with enriched Cu clarify the labeling scheme. The second

spectrum from the bottom shows a sample containing only 63Cu isotopes together

with the Pt isotopes 194Pt, 195Pt, and 198Pt, whereas the bottom most spectrum is

obtained from a sample diffused with natPt and 63Cu. This results in a pattern of PL

lines that reflect the relative concentrations of the different Pt isotopes. While the

implanted sample displays a Pt isotope pattern characteristic of this implantation,

which is seen repeatedly for all other Pt-containing PL centres discussed here, the

spectrum of the diffused sample shown at the bottom of Figure 5.15 closely follows

the natural abundances of Pt isotopes, with observed relative intensities of 0.337,

0.336, 0.252, and 0.075 for 194Pt, 195Pt, 196Pt, and 198Pt. Taken together, it is clear

that only a single Pt atom is involved in the formation of this centre. Therefore the

label Cu4Pt was assigned [36] to this complex, which has two electronic states at

776.78 and 776.93meV. It is clearly distinguishable from the nearby Ag4 complex at

778.88meV [33]. Table 5.4 shows the energies of the two electronic states of Cu4Pt

for the isotopes 63Cu and 195Pt. The energies of all other peaks can be determined

with the isotope shifts per amu given in Table 5.5. The much stronger PL from the

higher energy state of Cu4Pt at 776.93meV (not shown) is not as well resolved as

that of the weaker, lower energy transition, which is, therefore, shown in Figure 5.15.

Cu4Pt has a complex replica structure of five pLVM replicas that are a result of

combinations of two different modes. These can be seen in Figure 5.14, where the
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Figure 5.15: NP transitions of the 776.78meV component of the 777meV Cu4Pt
system. The upper spectrum shows a sample diffused with natCu. Labels 0. . . 4
denote the number of 65Cu in the complex. Below this, two spectra show samples
with enriched Cu. The bottom two spectra show samples that have been either
implanted with Pt isotopes or diffused with natural Pt. The relative intensities of the
PL lines in the natPt spectrum mirrors the isotopic abundances of natural Pt. The
impPt spectrum is slightly obscured by the presence of 65Cu in the sample. All spectra
recorded at 1.5K and resolutions better than 1.4µeV.

first three replicas of Cu4Pt are shown together with the pLVM replicas of other Pt

containing centres. The energies of the Cu4Pt pLVM are summarized in Table 5.6.

It should be noted that the greater number of pLVM replicas reported for the Cu4Pt

centre likely does not reflect any fundamental difference from the other Pt-containing

centres, but instead results from the much larger PL intensity of this complex, result-

ing in strong pLVM replicas and little interference from other PL centres.

5.3.2 The 884meV Cu3Pt complex

The 884meV Cu3Pt system is shown in Figure 5.16. Instead of five individual lines, as

seen for Cu4Pt in the 195Pt+natCu spectrum, this centre has only four, labeled 0. . . 3,

showing the number of Cu atoms in the complex to be three [36]. The two spectra
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Figure 5.16: NP transitions of the 884meV Cu3Pt system. The upper spectrum
shows a sample diffused with natCu. Labels 0. . . 3 denote the number of 65Cu in the
complex. Below this, two spectra show samples with enriched Cu. The bottom two
spectra show samples that have been either implanted with Pt isotopes or diffused
with natural Pt. The natPt+63Cu sample also contains a small amount of 65Cu, slighly
obscuring the spectrum. All spectra recorded at 1.5K and resolutions better than
1.4µeV.

with enriched Cu clarify this labeling scheme. The two spectra at the bottom show the

pattern that is characteristic for our Pt implanted and diffused samples. The natural

Pt abundance is visible in the lower spectrum, where the three lower energy peaks

closely follow the expected relative intensities of natPt. A residual amount of 65Cu

remained visible in the 63Cu diffused sample, resulting in a slightly obscured spectrum,

due to the overlap of the natPt63Cu (“0”) components with the weaker natPt63Cu2
65Cu

(“1”) components. It was concluded that only one Pt atom is contained in this

complex, which was therefore labeled Cu3Pt [36]. The centre has three observable

electronic states at 882.36meV (strongest at 1.5K), 883.43meV (strongest at 4.2K),

and 883.79meV. These energies and the isotope shifts of the three observed Cu3Pt

electronic states are listed in Tables 5.4 and 5.5.
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5.3.3 Four-atom (Cu,Li)3Pt complexes

We now come to the recently discovered four-atom complexes related to Cu3Pt, where

Li substitutes for Cu [36]. Figure 5.17 shows the three centres—Li3Pt, CuLi2Pt,

and Cu2LiPt. For all of them, the spectrum of the Pt implanted sample shows the

characteristic pattern already discussed for Cu4Pt and Cu3Pt. A spectrum of a sample

with natPt isotope abundances is only available for Li3Pt due to the weakness of the

PL in some of the samples. The relative intensities of 0.34, 0.35, 0.21, and 0.05 of the

PL lines of this spectrum accurately follow the natural isotope abundances of 194Pt,
195Pt, 196Pt, and 198Pt respectively. Together, this is evidence that there is only a

single Pt atom in all four-atom Pt centres. The figure also shows the isotope shifts

caused by different Cu and Li isotopes. Table 5.4 lists the energies of these centres

and their different electronic states, whereas Table 5.5 gives the isotope shifts per

amu.

PL of the four-atom Pt centre series and their pLVM replicas are, in general,

relatively weak, therefore only replicas for Cu2LiPt and Cu3Pt could be observed. In

Figure 5.14, spectra of the low energy pLVM replicas are arranged on a scale showing

their shift from the NP line. The energies and the Cu-isotope shift for Cu3Pt are

summarized in Table 5.6.

5.3.4 Five-atom (Cu,Li)4Pt complexes

As was observed for Au-related complexes [35], Pt also forms five-atom complexes

together with Cu and Li [36]. Figure 5.18 shows high resolution spectra of the NP

transitions of these PL centres. For all four centres—Li4Pt, CuLi3Pt, Cu2Li2Pt, and

Cu3LiPt—a spectrum showing the characteristic Pt isotope pattern of our implanted

sample is given and in addition to that, a spectrum of the natPt diffused sample is

given for Li4Pt. The relative intensities of 0.34, 0.32, 0.25, and 0.09 of the PL lines

of this centre accurately follow the natural isotope abundances of 194Pt, 195Pt, 196Pt,

and 198Pt, respectively. Therefore it is clear that a single Pt atom is part of each of

these centres [36]. Additionally, spectra are displayed for each centre to illustrate how

Cu is successively replaced by Li from Cu4Pt to Li4Pt (see Figure 5.15), following the

scheme CuxLi(4−x)Pt. It should be noted that the Li4Pt and CuLi3Pt centres displayed
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Figure 5.17: Spectra of the NP transitions of the 4-atom CuxLi(3−x)Pt series in
28Si.

Numbers from 0 to 3 designate the number of 65Cu atoms in the cluster, and letters
K, L, M, and N designate the number of 7Li atoms in the cluster from 0 (K) to 3 (N).
Peaks labeled with a “?” are of a different electronic state. All spectra recorded at
1.5K and resolutions better than 1.4µeV.
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in Figure 5.18 show an additional substructure for the complexes having mixed Li

isotopes, which was not observed for other electronic states of these two centres.

Similar substructure was observed before for the Γ4 state of Cu4 complexes having

mixed Cu isotopes [33]. This structure is likely due to the fact that, in the present

case, the Li sites of the complex are inequivalent, so that different arrangements of

the Li isotopes result in slightly different PL energies. Table 5.4 lists the energies

of these centres and their different electronic states; the isotope shifts per amu are

found in Table 5.5.

Of the five-atom centres, the Cu2Li2Pt, Cu3LiPt, and the Cu4Pt centres had

observable low energy pLVM replicas. The results are summarized in Table 5.6,

where the mode energies are listed together with their full width at half maximum.

Spectra of these replicas can be seen in Figure 5.14.

The observed higher energy LVM replicas are shown in Figure 5.19 and a list

of energies of those modes is given in Table 5.7. A strong Li isotope shift of the

high energy replicas can be seen, which is not surprising in that such high energy

LVM usually involve the motion of a light atom. Such high energy LVM replicas

lying between ∼65 and ∼70meV have not been reported for the Li4 VSi centre, as

already noted in Section 3.8. The upper three spectra in Figure 5.19 also show a

feature at around −55meV shift from the NP line, which seems reminiscent of the

B replica of the Li4 VSi centre, which is described as the symmetric breathing mode

of the centre [178]. We have observed these high energy LVM replicas for only one

Au-containing centre: the CuLi2Au centre. Its spectrum is shown in Figure 5.19 as

well.
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Figure 5.18: Spectra of the NP transitions of the 5-atom CuxLi(4−x)Pt series in
28Si.

Numbers from 0 to 4 designate the number of 65Cu atoms in the cluster, and letters
K, L, M, N, and O designate the number of 7Li atoms in the cluster from 0 (K) to
4 (O). Peaks labelled with a “?” are from a different electronic state. All spectra
recorded at 1.5K and resolutions better than 1.4µeV.
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Table 5.7: Four Pt centres and one Au centre with high energy Li local vibrational
mode replicas are listed with the respective mode energies (in meV, errors are typically
±0.02meV) and FWHM (meV). Wherever available the replica energies are given for
samples with 6Li and 7Li.

E FWHM

6Li4Pt 69.30 0.3
7Li4Pt 66.44 0.2
Cu6Li3Pt 68.57 0.3
Cu7Li3Pt 66.00 0.2
Cu2

6Li2Pt 67.84 0.3
Cu2

7Li2Pt 65.50 0.2
Cu3

6LiPt 67.09 0.4
Cu7Li2Au 65.12 0.2
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Figure 5.19: Low resolution spectra of the Li-related high energy local vibrational
mode replicas of all centres listed in Table 5.7. For the Li4Pt and CuLi3Pt centres,
two spectra each are shown, whereas the respective lower one is from a 6Li sample,
while the upper one is from a 7Li sample.
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5.4 S-related centres

Although these IBE PL centres may not be directly related to the previously discussed

centres, isotopic fingerprint studies have revealed that they do contain Cu, so the

results are reviewed here for completeness. Two different configurations of the S-

related centre are known [169]—SA with NP PL at 968.2meV and SB at 812.0meV.

The two configurations show a metastability, with a conversion taking place from SA

to SB under optical excitation at low temperature (T < 40K) and a reverse conversion

from SB to SA when heated to temperatures above 40K. Thus observing the SA centre

at the low temperature needed for high resolution PL spectroscopy is difficult due to

its rapidly diminishing intensity. The only 28Si result for the SA centre revealed a S

isotope shift of 8µeV for SA as shown in Figure 5.20.
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Figure 5.20: The SA centre in 28Si for samples diffused with either 34S or natS (95%
32S) in combination with natCu, showing the S isotope shift.

5.4.1 The 812meV SB complex

As reviewed in Section 3.7, it was suggested that the SB centre consists of a substitu-

tional S atom paired with an Cui, and S and Cu isotope effects were indeed observed

in 28Si [32]. The high resolution NP PL of SB is shown in the two upper left spectra

in Figure 5.21, displaying a complicated substructure. The upper two spectra show
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an S isotope shift of 11µeV between a sample containing natS (95% 32S) and a 34S

diffused sample. The bottom spectra in this figure are shown along with the Γ3 PL

of the Cu4 centre to demonstrate the actual Cu isotope content in each of the four

different samples. At the bottom, spectra with enriched 63Cu respectively 65Cu are

shown, which can be seen clearly in the Cu4 spectrum. The actual isotopic enrich-

ment was found to be ∼94% and ∼97% for the 63Cu and 65Cu samples respectively.

For SB, each spectrum exhibits a peak with a substructure, which is unfortunately

broadened in the case of 63Cu. The labels “0” and “3” are attached to these lines,

for 0, respectively 3 65Cu atoms in the complex. On either side of the triplet “3”,

small amounts of luminescence are seen as a result of a small amount of 63Cu in the

sample, and were labeled “2”, which indicates a combination of one 63Cu and two
65Cu. Above these spectra, a sample with a relatively high 65Cu isotope content is

shown and labeled “antinat”Cu in contrast to natCu, which consists of 69.3% 63Cu and

is shown above. Disregarding the unfortunate broadening of the SB centre in the

“antinatural” sample, its spectrum is a mirror image of that for natCu. Comparing

these four spectra, it was concluded that the complexes containing mixed Cu isotopes

(labeled “1” and “2” in the figure) show a split pattern, as indicated by the braces

in Figure 5.21. Therefore, it appears that at least three Cu atoms must be assigned

to the SB Cu-S centre [32]. Using three as the number of Cu atoms, the Cu isotope

shift for the SB NP transition is ∼7.3µeV/amu (based on the 63Cu and 65Cu spectra).

The SB centre could be viewed as an additional member of the four-atom deep PL

centre family, but the inclusion of a chalcogen atom suggests that the details may be

completely different.

Note that the PL components “0” and “3”, and the individual components of

“1” and “2”, are split into identical triplets, with the central region of the spectrum

being obscured by overlap. The energy splittings between the components of these re-

peated triplets have been measured to be 4.8µeV and 7.1µeV [32], in agreement with

the splittings measured for this centre using zero-field optically detected magnetic

resonance (ODMR) [170].
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Figure 5.21: The NP transitions of the SB centre in 28Si are shown on the left. The
top spectrum is from a sample diffused with 34S and natCu, whereas all the other
spectra are from samples diffused with natS (95% 32S). In the lower spectra, the SB

centre luminescence is shown, along with, on the right, that of the Γ3 PL of the Cu4

centre in the same samples, to clarify the Cu isotope content in the different samples.
The bottom two spectra show the effect of using enriched single Cu isotopes, whereas
the second one from the bottom has an isotopic composition that is skewed toward
65Cu and, thus, labeled “antinatural”. Labels 0. . . 4 specify the number of 65Cu atoms
in a complex, where the SB centre contains three Cu atoms. The three-component
brackets indicate the three-fold electronic splitting of the SB ground state [170], which
is replicated in each isotopic component.
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Discussion

In Chapter 3, all of the existing literature regarding these TM-containing deep PL

centres in Si has been reviewed; Chapter 5 provides all of the details made available by

high-resolution spectroscopy in highly enriched 28Si, for both the well known and the

newly discovered centres. These details include the atomic composition of the binding

centre as revealed by the isotopic fingerprint, and the energies and isotope shifts of the

NP transitions, including splittings of the IBE ground state, which results in different

electronic transitions. The recorded relative intensities of these transitions indicate

whether transitions are (at least partially) forbidden or allowed. Also provided are

the energies, FWHM, and, where available, the isotope shifts of low energy pLVM

and high energy LVM replicas of the NP transitions.

In this chapter, an overview of the newly available information is provided. We

are looking for trends, and any other observations that may contribute toward finding

a detailed model for the structure, formation, and properties of these large families

of PL centres. To summarize, this information suggests a simple model in which a

substitutional TM core, which can be Cu, Ag, Pt, or Au, sequentially binds positively

charged Cui, Ag, or Li, as proposed by Shirai et al. [38, 39] and Estreicher and

Carvalho [42, 43] for the Cu4 centre. Even the Li4 VSi centre may be thought of as

part of this family, with the VSi taking the place of the substitutional TM. (Similar

complexes of a VSi with interstitial TM would not be expected, because the interstitial

TM would immediately occupy the VSi.) To generate the substitutional TM core

of these IBE centres, a high temperature diffusion is needed and the quenching to

97
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lower temperature provides a supersaturation of the interstitial species, which remain

mobile even at the lower temperature. Formation of the centres would be aided by

long-range electrostatic interactions between the positively charged interstitials and

a negatively charged core, even though the stability of the centres is known [137] to

be greater than that provided by electrostatic interactions alone. Indeed, a naive

explanation of the stability of the prototypical Cu4 complex would be obvious if

Cus in Si was a triple acceptor, as was originally suggested [120], and which is the

case [120, 192, 193] for Cu in Ge. Cus in Si is known to have singly charged donor

and acceptor levels [138, 194], and a doubly charged acceptor level [116] (note that

this level has also been assigned to a single donor level of Cui [195]). Unfortunately

no triply charged level of Cus has been found [116].

Among the trends we can consider are the relative intensities, and presumably

concentrations, of different centres, and the fact that not all possible members of the

different families are observed. Before drawing any strong conclusions from this, it

is important to realize that none of these PL centres is very stable and that they all

anneal out at temperatures only moderately above room temperature. Indeed, the

slow replacement of Cu with Li over a time scale of days to months indicates that even

centres that are thought to be stable at room temperature may not in fact be truly

stable, but rather losing and recapturing their interstitial components. Therefore

the failure to observe certain complexes may not indicate substantial differences in

properties, but instead small differences in relative stabilities.

Given the above substitutional-interstitial model, the families of impurity com-

plexes can be grouped by their substitutional core impurity. For CuSi, only the

four-atom Cu4 centre has ever been observed by PL and there is no evidence of PL

from centres with interstitial Li substituting for Cu.

For centres with an AgSi core, again only four-atom complexes have been observed.

The Ag4 centre is only strong in samples quenched in a sealed ampoule after diffu-

sion with excess Ag present, which perhaps acts as a getter, thereby reducing the

concentration of other TM in the sample. The interstitial Ag is rapidly replaced by

Cu after subsequent quenching, even if efforts are made to reduce Cu contamination.

This results in strong Cu3Ag PL, and much weaker Cu2Ag2 PL, whereas PL from a

CuAg3 complex has never been observed. In the presence of Li, strong PL from the
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Figure 6.1: In this diagram the energies of the no-phonon transitions of different
centres are shown versus the number of Cu atoms in the complex that have been
replaced with Li or Ag. Lines connect centres of the same series. For example, it can
be seen, that the 4 and 5-atom Au related centres follow a similar trend, as do the
Pt-related centres, albeit in opposite directions with Li substitutions. For reference,
the CuLi2Ag and Li4 VSi [176] centres are also shown.

CuLi2Ag centre is observed, but there is no evidence for any other complexes that

contain Ag, Cu, and Li.

For centres with an AuSi core, both four-atom and five-atom complexes are ob-

served, with PL from the four-atom complexes typically being much stronger, and

with a larger binding energy (lower PL energy). With the exception of the missing

Li4Au centre, all possible substitutions of Li for Cu are observed, and the sequen-

tial substitution of Li for Cu is seen to increase the energy of the NP transition, as

summarized in Figure 6.1.

The behaviours described above are reversed for centres that have a PtSi core with

the PL of five-atom complexes being lower in energy and much stronger than that of

the four-atom centres, and with substitutions of Li for Cu now decreasing the NP PL

energy, as seen in Figure 6.1.

It should be emphasized at this point that although the properties of the centres

reviewed in Section 3 had strong similarities—namely donor-like IBE character and

trigonal symmetry—most of the newly discovered centres have not been studied using
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uniaxial stress or Zeeman spectroscopy, nor has their excited state structure been

investigated. In the absence of further experimental studies or detailed modelling of

the properties of the binding centres, it would be premature to assume that all of the

new centres also have trigonal symmetry and donor-like IBE character.

The new model of Estreicher and Carvalho [42] and Carvalho et al. [43] for the

Cu4 centre which we have introduced in Section 3.1 may in future provide a path to

understanding the dominance of four- and five-atom centres with a substitutional core

other than Cu. In this context it is again important to emphasize that the material

used here, and to the best of our knowledge in previous studies, was lightly doped.



Chapter 7

Conclusion

This thesis gives an overview of recent discoveries on isoelectronically bound exciton

centres in silicon. First, studies of the properties of many of the centres discussed

here, some going back more than 30 years, have been reviewed. After discussing

experimental methods and the sample preparation, the novel characterization method

of isotopic fingerprints in photoluminescence spectroscopy in 28Si was introduced. The

new results include impurity complexes of the constituents Li, S, Cu, Ag, Pt, and Au.

Surprisingly, it turns out that none of the previously studied complexes are what

they were thought to be. The differences range from a mere deviation in the number

of involved impurity atoms, to there being no overlap at all between the previously

assumed constituents and those revealed in 28Si.

In addition, the 28Si studies revealed many new TM-containing PL defects, which

seem to fall into families of four-atom and five-atom complexes. We suggest these

complexes have a substitutional core of a single Cu, Ag, Pt, or Au atom surrounded

by three or four interstitial impurities, which can be Cu, Ag, or Li.

For most of these newly discovered centres, the fundamental properties, such as

binding centre symmetry and donor-like versus acceptor-like IBE properties, are not

yet known. It should not be assumed that these centres are of the same symmetry

as the known centres, so there is still room for further experimental studies. What

is needed most at this time, however, is some theoretical understanding of the prop-

erties and formation mechanisms of these ubiquitous PL defects, especially for the

previously known centres in light of the recent discoveries. It is encouraging that work
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has already begun [38–43, 141] on the prototypical Cu4 centre, but a more detailed

understanding of the stabilities, IBE properties, and detailed formation mechanism

is still needed. It is also unclear why the centres with Cu and Ag cores have only

four-atom members, but the Au and Pt centres both have four-atom and five-atom

families. The information gathered here, which will also be available in the form of

a review publication [190], will hopefully encourage further theoretical studies and

modelling on these interesting PL centres.

The isotopic fingerprint studies presented here have thus far been limited to those

PL centres for which there was good reason to suspect the involvement of TM, since
28Si is a scarce resource, and parts of the available material are dedicated to other

research fields [29, 30, 196]. Nevertheless, it would be interesting to investigate the

isotopic fingerprints of other IBE centres in 28Si, such as those suggested to involve Al

and N [60, 62, 63], Mn [197], Zn [197, 198], Pd [199], Cd [200], In [65, 67, 69, 70, 72],

Hg [159, 201], and Tl [68, 69, 71].
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