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Summary Summary 

Summary y 

Thee subject of this thesis is investigation into properties of the semiconductor silicon, in 

whichh electronically and/or optically active centers have been introduced. Though the main 

objectivee of the research is the promotion of fundamental knowledge of this prototype covalent 

semiconductingg material, the relevance of the results for application is omnipresent. This has been 

ann experimental physics study, carried out principally with the spectroscopical methods of 

photoluminescencee (PL) and electron paramagnetic resonance (EPR). Additional techniques have 

beenn used for further characterization of samples, among others including X-ray diffraction, 

electronn microscopy in various forms (TEM, SEM), and secondary-ion mass spectrometry (SIMS). 

Thee spin-hamiltonian analysis of the substitutional negative platinum ion in silicon is of a more 

theoreticall  nature. 

Inn this thesis three subject matters come up for discussion. Chapters 2, 3, and 4 deal with 

propertiess of small silicon particles with dimensions of some tens of nanometers. Subsequently, in 

thee chapters 4 and 5 research on light emission by silicon is reported. Finally, the chapters 5, 6, and 

77 are devoted to some specific properties of silicon when doped with the transition elements 

erbium,, gold, and platinum. The introduction of the subject of the thesis in more basic terms is the 

objectt in view in chapter 1, which at the same time illustrates the significance of these topics within 

thee more general field of silicon research. 

Severall  ways were followed for the preparation of samples with dimensions in the range of 

nanometers.. Films were made by deposition on a substrate of silicon particles broken away from a 

siliconn target by argon sputtering. The most successful samples for our studies were obtained by 

powderingg bulk silicon by ball milling, followed by particle selection by centrifuging and 

sedimentation.. In a few cases comparative measurements were conducted on porous silicon 

preparedd by the standard technique of anodic etching. Particles as used have the typical sizes of 

somee tens of nanometers. With such sizes, we find ourselves in the transitional region between 

macroscopicc and mesoscopic physics in which the effects of size confinement are still quite small. 
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Thee applied techniques of high-resolution spectroscopy, both the PL and EPR, are, however, fully 

suitablee to provide the measurement data with adequate precision. Additional measurements, as 

mentioned,, were especially applied for the characterization of the nanosized material. For instance, 

thee X-ray diffraction gave the decisive information on crystallinity of the material. In the electron 

microscopyy the internal structure of the particles, uniform or with distinct regions, could be 

observed. . 

Chapterr 2 reports on the optical measurements by photoluminescence. For two distinct 

radiativee decay processes the energy of emitted light was determined in its dependence on the 

particlee size. An emission process from a deep to a shallow level near the valence band indicated a 

downwardd energy shift of states forming the valence band. In a second emission the decay energy 

releasedd upon recombination of excitons bound to dislocations is monitored. The observed increase 

off  energy upon reduction of the size of nanoparticles demonstrates a widening of the band gap. 

Identicallyy prepared material was used for the experiments by electron spin resonance as reported 

inn chapter 3. In the selected n-type materials the spectrum of phosphorus donors is present in strong 

intensity.. The splitting into two lines in the spectrum following from hyperfine interaction of the 

boundd donor electron with the spin of the phosphorus nucleus is a quantitative measure for the 

localizationn of the electron on the donor site. This way, a quantitative observation is made on 

electronn distribution within the nanocrystal. Against initial intuitive expectations, the hyperfine 

interactionss turned out to be smaller in the nanocrystals compared to bulk values. An explanation of 

thee effect using the effective-mass theory revealed energy up-shift for conduction band states. A 

mutuallyy satisfactory consistency exists between valence band down-shift, conduction band up-

shiftt and band gap widening. A semi-empirical formula for the energy effects is proposed. Size 

confinementt of electrons in crystals with nanometers dimensions can also lead to dramatic changes 

inn optical properties. Not only the band gap is enlarged up to the level of energies of visible light, 

thee transitions can as well become vertical in reciprocal space with an associated much larger 

transitionn probability. The unattractive properties of silicon when it comes to optical applications 

aree then eliminated. For our research, as reported in chapter 4, the nanocrystals as prepared by the 
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balll  milling, centrifuging, and sedimentation method were embedded in a silicon film made by a 

sol-gell  process. Upon excitation with ultraviolet light, photoluminescence is observed in the range 

off  visible light, with the colors depending on parameters chosen for the sample preparation, such as 

temperaturee and time in thermal anneal treatments. Light emission is strong enough to be seen by 

thee naked eye. On the basis of systematic variation of production and anneal parameters it can be 

concludedd that the source region of the visible light is not the nanocrystals themselves, neither the 

sol-gell  material, but rather the interface regions between these two major components. 

Ann essentially different solution in the quest for optical activation of silicon is by doping 

withh a suitable impurity. As is discussed in chapter 5, the rare-earth ion Er3*  is a very attractive 

impurityy as the radiative transition from excited state 4Ii3/2 to groundstate \sn generates light with 

thee wave length of 1.54 urn This is the optimal wave length for long distance transport of data by 

glasss fibers, already applied to large scale. In order to improve efficiency, especially for room 

temperaturee operation, a better understanding of the fundamental processes of excitation, etc., is 

stilll  of great interest. In our experiments we have used an unconventional geometry in which the 

erbiumm ions are excited by illumination on the back side of the substrate for the erbium doped layer. 

Thiss forces the excitation to travel over a distance of around 350 um before excitation energy can 

bee transferred to erbium ions. The two effects of reduction and of delay of luminescence were 

experimentallyy measured. The n-type layer created by the erbium donors is electrically separated 

fromm the p-type substrate by a p-n junction. Prior to the possibility of reaching the erbium ions for 

excitation,, this p-n junction must be neutralized, causing a delay in appearance of luminescence. A 

modell  providing quantitative analysis was put forward. The model confirms the role of excitons as 

carrierss of excitation energy. 

Controversiess concerning the electronic structure of the important dopant atom gold 

continuee to exist, in spite of the availability of massive data from highly qualified research. In our 

experiments,, as described in chapter 6, a well-known relation exists on the formation of gold 

centerss and equivalent platinum counterparts, allowing to transfer knowledge between these two 

impurities.. In the experiments we used the radioactive 195Au isotope which decays with a half life 
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off  183 days into stable 195Pt. Due to the presence of iron in the samples in actual practice the 

radioactivee conversion of  195AuFe into 195PtFe complexes has been monitored. Both centers are 

unambiguouslyy identifiable in magnetic resonance by their specific spectrum. In the experiments it 

iss established that both complexes have an equal trigonal geometrical structure, confirming that 

recoill  energies in the nuclear decay process do not induce atomic displacements. Small deviations 

ass observed from the nuclear lifetime are ascribed to change of the Fermi level in the samples 

accompanyingg the conversion of centers. From accurate measurement of the hyperfine interaction 

inn both radioactive 195AuFe and natural  i97AuFe complexes it could be concluded that the hyperfine 

anomalyy between these two gold isotopes is less than 1%. Our research formed part of a 

collaborationn within CERN ISOLDE. Results were compared with those of partner groups who 

carriedd out photoluminescence (PL) and deep-level transient spectroscopy (DLTS) in identical 

samples. . 

Finally,, in chapter 7 an analysis is presented of the Zeeman splitting tensor, the g tensor, of 

thee substitutional negative platinum ion in silicon. In the analysis the wave functions are a 

hybridizedd form of 5d orbitals on the platinum with 3 s and 3p orbitals on the nearest-neighbor 

siliconn atoms. The relevant energies in the calculation are the crystal fields representing the 

orthorhombicc center and spin-orbit interaction. The magnetic energies of the orbital angular 

momentaa and of spin responsible for the splitting of the Kramers doublets are included as well. In 

thee analytical solution these latter energies are considered to be small and their effect is treated by 

perturbationn methods. In addition to this more traditional method, calculations have been performed 

inn a fully numerical scheme. The hamiltonian in this case includes all mentioned interactions 

simultaneouslyy and avoids complications due to degeneracy altogether. By the analysis the 

characterizationn of the platinum impurity in terms of the more fundamental physical parameters is 

achieved. . 
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