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Chapterr 1 

Introduction n 

1.11 Outline of thesis contents 

Theree is one domain, where silicon-based technology has limited application. It is 

generationn of light. The indirect character of the transitions from conduction to valence band makes 

lightt emission a process with a poor efficiency. In addition, due to the small energy band gap the 

photonn energy is in the infrared region. The two major approaches that are taken into consideration 

too enhance the optical properties of silicon are: 

-- alteration of the energy band gap in such a way that it changes its magnitude and becomes direct, 

whichh can be achieved by reduction of crystal size or alloying with other materials; 

-- incorporation of other optical centers like rare-earth atoms, e.g., erbium, whose properties weakly 

dependd on the host environment. 

Inn the research presented within the frame of the thesis we investigate the properties of 

siliconn nanocrystals. From the investigation conducted on the defects known from bulk silicon we 

reachh conclusive results on band structure perturbation versus decreasing size of nanocrystal. The 

approachh of tracing the variation of bulk defects behavior is very successful for relatively large 

grainss with diameters between 10 and 100 nm. Optical and magnetic resonance studies are 



ChapterChapter 1 

presentedd in chapters 2 and 3, respectively. Silicon nanograins-containing silica gel is investigated 

byy optical methods only, the results are presented in chapter 4. A literature overview of the existing 

resultss on silicon nanocrystals is presented later in this chapter. 

Ann alternative approach for extraction of light from silicon is doping by erbium atoms. 

Erbiumm is known as optically active center with an emission line in the infrared region. The main 

concernn here is the efficient energy transfer from the silicon crystal to the erbium atom. An 

investigationn under the condition of excitation on the backside of samples is presented in chapter 5. 

Althoughh the knowledge about defects in bulk silicon is much more comprehensive, still 

theree are several issues not completely understood, particularly the behavior of transition metals 

likee Au and Pt in silicon. In the research presented in chapter 6 we made an attempt to observe the 

isolatedd Au center by its magnetic resonance spectrum. The implanted radioactive 195Hg has 

convertedd into I95Au and that one with half-life time of 183 days into the stable isotope 195Pt. We 

didd not see any isolated Au center. We observed radioactive conversion of the AuFe into PtFe 

centerr instead. In the chapter 7 we present a theoretical analysis of the Zeeman effect and hyperfme 

interactionn of substitutional Pt~ in silicon. The analysis confirms findings reported before. 

1.22 Motivation for the research on silicon nanocrystals 

Inn the recent ten years there has been great interest in silicon nanocrystals. It has been 

initiatedd by reporting visible photoluminescence (PL) from porous silicon observed by Canham 

[1.1].. Since then a variety of different ways of silicon nanocrystals fabrication has been developed. 

Inn most cases of various materials a visible PL has been observed. Often contradicting results about 

thee origin of the light emission are reported. In this section I will give an overview of the presented 

resultss and their elucidation about the nature of the light emission. 

Independentt on the nanocrystal formation method, we can clearly distinguish the following 

regionss of a possible origin of the light emission, as presented in figure 1.1: 
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-- The core of the silicon nanocrystal. Following the quantum confinement theory the size and the 

shapee should influence the electron-hole pair recombination [1.2 - 1.6]. 

-- The interface between the silicon nanocrystals and the surrounding SiCX Depending on the 

qualityy of this interface or eventual passivation of dangling bonds by hydrogen the PL emission can 

bee enhanced or suppressed by creation or annihilation of defect states [1.7, 1.8]. 

-- The surrounding SiOi matrix can be the origin of the visible PL by itself. Defects responsible for 

thee light emission can be formed during implantation and subsequent anneal [1.9]. 

Ann additional parameter that may alter mainly the decay time of the light emission is the distance 

betweenn the nanocrystals. 

Sii  nanocrysta l cor e 

Distanc ee betwee n 
Sii  nanocrystal s 

Si-SiO O 
interfac e e 

Fig.Fig. 1.1. Schematic diagram of the silicon nanocrystals embedded in silicon dioxide matrix. The 

elementselements of the system are indicated: the core of the nanoaystal, the interface between silicon and 

SiOi,SiOi, the surrounding S1O2, and the distance between the nanocrystals. The first three elements are 

assignedassigned as possible origin of the PL emission depending on the sample preparation method. 
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Thee correlation between the nanocrystal size and the energy of PL emission is typically 

understoodd within the quantum confinement theory. A nice set of experimental data that follows the 

trendd from the theoretical predictions derived by Delerue et al. [1.10] is presented by Ledoux et al. 

[1.2].. They investigated nanocrystals prepared by deposition and therefore a good control over 

nanocrystall  size could be maintained. The PL spectra and their shift to higher energies versus 

decreasingg nanocrystal sizes are presented in figure 1.2. Figure 1.3 presents the PL peak energy 

versuss nanocrystal diameter. We observe that the experimental data of emission energy show a 

weakerr dependence on the nanocrystalline diameter d (nm) than the theoretical prediction on the 

bandd gap magnitude E = £L + 3.13/d ' , where E„  is the band gap magnitude of bulk silicon 

expressedd in eV. Our results discussed in chapters 2 and 3 confirm that the band gap magnitude E is 

proportionall  to ~ l/d ' . 

i . o --

!»!» 0.8 -

dd = 2.4 nm dd = 7.0 nm 

1.44 1.2 
Energyy (eV) 

Fig.Fig. 1.2. PL emission spectra for nanocrystals in the diameter range from 2.4 to 7.0 nm. The 

nanocrystalsnanocrystals with the smallest diameters have the emission peak at 2.05 eV [1.2]. 
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Diameterr (nm) 
Fig.Fig. 1.3. Comparison of the experimental data of PL emission peak from the work of Ledoux et al. 

[1.2][1.2]  and the theoretical expectation based on the calculations of Delerue et al. [1.10]. The solid 

curvecurve represents the trend for the band gap energy in silicon nanocrystal E = E„  + 3.73Id 

wherewhere d is the diameter (nm) and E  ̂is the band gap of bulk silicon (energies in eV). 

Thee silicon core has been reported as the PL origin in the paper of Vinciguerra et al. [1.5]. The 

quantumm confinement theory can explain the PL emission shift with diminishing nanocrystal size. 

Thee observed lifetimes remain very long (about 0.3 ms) revealing the absence of nonradiative 

decayy processes in these samples. Vinciguerra et al. conclude that there is no energy transfer 
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betweenn nanocrystals and that they stay spatially separated. Wilcoxon and Samara [1.4] report that 

forr nanocrystals with diameter as small as 2 nm the observed blue PL has a radiative lifetime 

aroundd 1 ns. This is attributed to the direct recombination at the zone center. At this nanocrystal 

sizee not only the enlargement of the band gap is observed but also the band structure character 

changess from indirect to direct. Wang et al. [1.3] stress in their paper that the light emission from 

thee silicon core can be very much dependent on the quality of the Si/SiCh interface. They obtained 

veryy high quantum efficiency, around 12%. López et al. [1.6] investigate the role of the 

nanocrystallinee interface and conclude that the surface states are the Pb dangling bond centers 

[1.11]]  and they act as PL killers. Hydrogen passivation of these centers significantly enhances the 

emissionn intensity. 

Ann alternative explanation of the PL nature for materials containing Si nanocrystals is due 

too defect states at the Si/Si02 interface. Garrido et al. [ 1.7] claim that the dominant emission is a 

transitionn spatially located at the Si/SiC>2 interface with the assistance of a local Si-0 vibration. 

Similarr conclusions were reported by Zhuravlev et al. [1.8]. The experimental results suggest that 

thee mechanism of recombination occurs via the levels of centers, which are located at the boundary 

betweenn silicon and the surrounding oxide. 

Lii  et al. [1.9] provide yet another explanation of the origin of the PL from the material 

containingg Si nanocrystals. Based on PL and Raman spectroscopy of Si02 implanted by silicon ions 

theyy conclude that the emissions at 1.74 eV and 1.96 eV originate from the defects in SiC>2 layers 

causedd by ion implantation. The intensity of these lines decreases significantly with increasing 

annealingg temperature and finally disappears after annealing at T = 800 °C. Simultaneously 

emissionn at around 1.7 eV is associated with nanocrystals. Its intensity increases gradually after 

annealss between 900 and 1100 °C. When the defects in Si02 vanish, the PL emission from 

nanocrystalss becomes dominant. 

Ass we learn from the literature there is no agreement on the origin of the light emission 

fromm Si nanocrystals. It depends on many factors, among them on the way of materials preparation. 

Manyy experimental papers suggest that the visible PL from silicon nanocrystals can be explained 
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byy the quantum confinement theory. In our research we present evidence of the silicon band 

structuree perturbations for silicon nanocrystals in the range 10-100 nm. 

1.33 Motivation for the research on transition metals in silicon 

Itt is only by the doping with suitable impurities that semiconductors become the very useful 

materialss for an impressive scale of electronic devices and applications. Without this facility silicon 

wouldd be a littl e sensational diamagnetic dielectric material with a fixed electrical resistivity of 

2300 000 Qcm at room temperature, but, due to a decrease of 8% for every degree centigrade of 

heating,, quite temperature instable. In the available processes of crystal growth and modification 

thee nature of the doping impurity can be widely selected from the periodic table and the 

concentrationn can be chosen over a wide range. The very characteristic feature of the 

semiconductorr is the existence of valence bands at lower energy separated by an energy gap, in 

whichh no electron states exist, from conduction bands at higher energy. In the perfectly pure and 

defect-freee crystal and at zero temperature the valence band states are fully occupied by electrons, 

ass opposed to the conduction bands, which are empty. Conduction can be achieved by doping with 

donorr impurities, which easily ionize and feed electrons into the conduction band. In a similar 

complementaryy process acceptor impurities can create holes, a concept describing missing 

electrons,, in the valence bands. This option of inducing conductivity in two bands is the basis for 

thee construction of bipolar devices, such as p-n junctions as discussed in chapter 5, and bipolar 

transistors.. The electronics industry is based on these technological opportunities. 

AA not strictly defined but still very useful concept is to distinguish between centers creating 

shalloww levels and deep levels, respectively. Shallow levels are close to the nearest band. In a 

practicall  approach for silicon, donor levels are below and within 0.1 eV from the lowest conduction 

band;; similarly the acceptor states are within 0.1 eV above the top of the valence bands. In the 

unionizedd states of the shallow-level impurities the electrons, or holes, are essentially bound by the 

electrostaticc force between singly positive donor core and negative electron circling around. In its 

17 7 



ChapterChapter 1 

simplestt form this leads to the hydrogen model for the description of donor and acceptor states. 

Bindingg energies based on the model are given by E = me4/8/j2£o2£r2 and lead to the low values as 

mentionedd above. In its concepts essentially identical, but much more thorough in its physical 

development,, the effective-mass theory (EMT) is the very successftil theory for the shallow 

impurityy states. This is a theory using analytical mathematics, which could already be developed in 

thee years 1955 to 1960 [1.12]. The best example for the illustration of EMT with its predictions on 

wavee functions and energies is donor phosphorus in silicon. Due to the relatively weak binding of 

donorr electrons in the long-range Coulomb potential, the extension of the electron probability 

aroundd the donor position is quite large. The donor is therefore sensitive to the size of crystal 

availablee around the donor. This sensitivity of donor properties on crystal size is exploited for the 

investigationn of the band structure in silicon nanocrystals, as reported in chapters 2 and 3. In the 

analysiss applied to interpret the measured hyperfine interaction data, elements of the EMT and its 

applicationn are given in great detail in chapter 3. 

Inn contrast, the deep-level centers introduce states with energy levels deeper in the range of 

bandd gap energies. Electrons bound on such levels are not thermally ionized at room temperature 

andd therefore do not contribute to the electrical conductivity, i.e., the n- or p-type doping. However, 

thee deep levels have a high efficiency as carrier recombination centers, in particular those with 

levelss at or near midgap. This allows for the use of deep-level impurities for the controlled 

introductionn of electron-hole recombination centers and the control over carrier lifetimes. This has 

itss relevance for the transient behavior of materials and devices, especially important when 

operationn at high frequencies is required. Electrons in deep-level states are bound in potentials, 

whichh form a strong perturbation of the crystal potential. The deep-level states are very localized, 

typicallyy with a range of equal order as the interatomic distances. The theoretical treatment of such 

difficultt systems is only possible by numerical calculations. This became only possible much more 

recentlyy with the advent of big fast computers and dedicated sophisticated software. At present 

resultss with good reliability and accuracy can be obtained but the situation is still progressing 

rapidlyy towards improved capabilities [1.13, 1.14]. 
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Transitionn elements are an important category of deep-level impurities. Several transition 

elementss are freely abundant in nature and can diffuse, at elevated temperatures, easily into 

semiconductorr materials up to high concentrations. The unintentional presence of transition 

elements,, due to insufficient control over purity, can be detrimental in semiconductor-based 

fabricationn processes. On the other hand, their controlled application can be essential for device 

operation.. About half of the existing stable elements belong to a series of transition elements with 

ann only partially filled inner shell of electrons. One can distinguish the so-called iron, palladium, 

andd platinum groups of elements with partially filled 3d, 4d, and 5d shells, respectively. Also the 

raree earths form a transition group with gradual fillin g of the 4f shell. For the latter group, the 

bindingg of the atom in silicon is achieved by electrons in 6s and 6p states. The electrons in the inner 

4ff  shell, which has a small radius, are well screened from the crystal environment by these outer 

valencee electrons. The effect of the crystal on the typical rare-earth states formed by 4f electrons is 

small.. The rare-earth atoms therefore retain to large extent their atomic properties. A good example 

iss the rare-earth erbium. The atom is presently under intensive investigation because of its light 

emissionn at wavelength 1.5 um, following from a 4Ii3/2 to 4Iis/2 transition. The energy transport in 

thee excitation of the ion is the subject of investigation as reported in chapter 5. In the other groups 

off  transition metals appreciable overlap exists between the d electrons of the transition ion and the 

3ss and 3p electrons of silicon. Due to formation of molecular orbitals of mixed character the 

characteristicc sp bonding and antibonding states of the semiconductor are destroyed with the result 

thatt energy levels are no longer related to the semiconductor band structure. They can be deep in 

thee band regions, but also everywhere within the band gap. Figure 1.4 is a diagram with energy 

levelss for the 4d transition elements Pd and Ag, and of the 5d elements Pt and Au. Both levels as 

detectedd experimentally by the method of deep-level transient spectroscopy are shown as well as 

thee theoretically calculated results [1.14 - 1.16]. The diagram serves as an illustration of the 

agreementt between theory and experiment as possible nowadays. On the other hand, the existing 

discrepanciess indicate that improvement based on further investigation is required. As more often, 

valuablee information on the atomic and electronic structure of the transition metal centers comes 
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fromfrom magnetic resonance. With their partially filled electron shells and by the tendency of forming 

thee configuration with maximum spin the transition ions behave as ideal paramagnetic centers, 

detectablee by electron spin resonance. Early systematic investigations of mainly the 3d elements 

formedd the basis of the Ludwig and Woodbury model of electronic structure [1.17]. Spin and 

chargee states are predictable on this model, either for substitutional or interstitial site of the 

impurityy and can be compared with experimental parameters. The late transition metals, at the high 

endd of the series, such as platinum, show a different behavior. An early EPR spectrum has been 

interpretedd as arising from a negative substitutional platinum ion with effective spin J = 1/2 in a 
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Fig.Fig. 1.4. Electrical levels of the substitutional impurities Pd, Ag, Pt, and Au in silicon according to 

theoreticaltheoretical calculations and experimental determinations by deep-level transient spectroscopy. 

ExperimentalExperimental and calculated levels are represented by solid and dashed lines, respectively. After 

Jones,Jones, etal. [1.14]. 
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Fig.Fig. 1.5. Stereographic view on the electronic structure of substitutional negative platinum in 

silicon,silicon, (a) Following Ludwig and Woodbury model, (b) vacancy model, (c) two-neighbor model. 
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F/g.. 7.6. Occupation of the one-electron levels derived from the 5 d atomic orbitals in tetrahedral 

symmetrysymmetry by (a) 7 electrons in the fully tetrahedrally bonded model, (b) 10 electrons in the full 

shellshell vacancy model, and (c) 9 electrons for bonding with 2 silicon neighbor atoms. 

locall  orthorhombic symmetry [1.18]. The interpretation has been confirmed by several experiments 

followingg the original work over a period of more than 40 years [1.19]. Applying the Ludwig and 

Woodburyy model to this case, 4 electrons are promoted to the 6s and 6p states to form four bonds 

withh nearest-neighbor silicon atoms in tetrahedral directions, as shown in figure 1.5a. The 

correspondingg occupation of one-electron orbitals for the 7 electrons remaining in the 5d shell is 

givenn in figure 1.6a. The scheme predicts an undistorted tetrahedral center with orbital momentum 

LL = 0 and spin S = 3/2. Such a prediction is at variance with the conclusions based on experiment. 

Inn a subsequently proposed model the transition element has a full 5d shell, accommodating 10 

electrons.. The remaining electron wil l occupy an antibonding orbital between two silicon nearest-

neighborr atoms, as illustrated in figure 1.5b. The model for the electronic structure of Pt~ is Pt(5d10) 
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++  V~, illustrated in the diagram of figure 1.6b. With a closed d shell the transition metal has littl e 

effectt on the electronic properties of the center. Rather the electronic properties of the center will 

bee very much like the negative vacancy. The model is properly referred to as the vacancy model 

[1.20].. The model provides a natural explanation for the observed spin 5 = 1/2 and also for the 

orthorhombicc symmetry that the vacancy and the transition metals have in common. Intermediate 

betweenn the previous cases of none or full tetrahedral bonding, the case of bonding to two silicon 

atomss can be considered, as illustrated by figure 1.5c. For the 5d shell 9 electrons are left which 

occupyy the one-electron orbitals as given in figure 1.6c. This naturally leads to orbital momentum L 

== 1 and spin S = 1/2. The detailed analyses of g tensor and hyperfine interactions as presented in 

chapterr 7 of the thesis are based on these values of the angular momentum parameters [1.21]. 
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