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"Nothing"Nothing endures but change. * 

-- Heraclitus -

ChapterChapter 1 

INTRODUCTION N 

1.11 Emerging role of hydrogen in semiconductor technologies 

Thee electronic effects of hydrogen in semiconductors and particularly in silicon have 

beenn studied thoroughly since the early nineteen-eighties. However, it is only very recently 

thatt the role of hydrogen is beginning to be understood in relation to its dramatic 

significancee in silicon material and device technologies. It has become evident that 

substantiall  concentrations of hydrogen are easily introduced into the surface region of 

siliconn wafers, i.e., the active region of devices during device processing steps (wet 

etching,, cleaning, plasma processing, etc.), and can remain in a meta-stable form in the 

devicee or material. This, and the importance of SOI (Semiconductor On Insulator) wafers 

usingg implanted hydrogen to effect the Smart-Cut process [1.1] and the increasing demand 

off  hydrogen-soaked wafers used in the microelectronics industries, indicate that hydrogen 

inn silicon is becoming an important subject for the technologically applicable research. 

Theree are many aspects to this. One is the unavoidable contamination of hydrogen in 

siliconn and its largely unknown role in existing technologies. For instance, hydrogen-

siliconn interaction has been found to be capable of cleaving macroscopic wafer-size thin 

layerss (< 1 |im thick) of silicon from silicon crystal [1.1]. This hydrogen-induced cleaving 

processs occurs through a series of steps in which hydrogen first is implanted into silicon at 
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highh concentrations (dose in the range of 3.5 x 1016 to 1 x 1017 cm"2). A subsequent anneal 

initiatess a planar cleaving process, resulting in a thin slab of silicon, either self-supporting 

orr transferable to other substrates [1.1]. The process has been employed extensively for the 

implementationn of silicon-on-insulator integrated circuit fabrication. A series of 

experimentall  findings has revealed a detailed picture of the process. Bech Nielsen et al. 

[1.2,, 1.3] have considered the dilute limit associated with implanted hydrogen and 

deuterium,, hydrogen-vacancy defects in silicon. The results identify a series of defect 

complexes,, which can be well described as VnHm, a vacancy or multivacancy with m 

attachedd hydrogen atoms passivating the dangling bonds. Weldon and co-authors [1.4, 1.5] 

havee used infrared spectroscopy to study the hydrogen-silicon system in the high-

concentrationn limit. The results illustrate the formation of hydrogen-decorated platelets, 

whichh eventually initiate a cleaving process, driven by the trapped, high-pressure gas. This 

process,, and the underlying science, may play a significant role in further development of 

thee microelectronics as well as other semiconductor industries employing thin crystalline 

silicon,silicon, such as silicon-based photovoltaics. 

Itt has recently been discovered and is now well confirmed that deuterium passivation 

off  the Si—S1O2 interface renders a metal-oxide-semiconductor field-effect transistor 

(MOSFET)) very resistant to trap generation by hot-electron impingement [1.6, 1.7]. This 

hass led to expectations on the effect of deuterium passivation in other silicon-based 

materialss and devices. Indeed, the stability of deuterated a-Si (amorphous silicon) based 

solarr cells [1.8, 1.9] and deuterium-terminated porous silicon [1.10] has been found to 

improvee with the use of the deuterium isotope and has shown enhanced stability against 

degradationn due to light and field exposure. The practical applicability of deuterium 

processingg for the whole systems is still under consideration. Nevertheless, it is clear that 

neww understanding of the energetics and dynamics of hydrogen processes in silicon will 

emergee from this exciting research. 

1.22 Fundamental research on hydrogen in semiconductors 

Precedingg the motivating applications and discoveries of the role of hydrogen in 

semiconductorr technologies, the more fundamental investigations on the electronic and 

opticall  properties and the microscopic structure of hydrogen in semiconductors have 

alreadyy been carried out extensively. As early as the late 1970s and early 1980s, the 
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incorporationn of atomic hydrogen into amorphous semiconductors has been known to 

causee significant changes and improvements in both the electrical and optical properties of 

thesee materials. The periods of the middle 1980s till now saw a tremendous amount of 

workk performed on the properties of hydrogen in crystalline semiconductors, such as Si, 

GaAs,, etc. The field is attended by a large number of research groups employing different 

investigationn techniques such as deep-level transient spectroscopy (DLTS), 

photoluminescencee (PL), infrared absorption (IR) and local-vibrational mode (LVM) 

spectroscopy,, magnetic resonance (EPR, ENDOR, FSE) for experimental research, and the 

ab-initioab-initio pseudopotential local spin density method for theoretical calculations. This 

researchh considers various aspects of hydrogen in silicon such as isolated hydrogen, 

hydrogenn passivation of shallow acceptors and donors, hydrogen interaction with double 

donors,, transition metals, and intrinsic impurities in silicon, i.e., hydrogen-vacancy 

complexes.. Under this substantial academic research effort, many insights into the 

behaviorr of hydrogen in semiconductors, especially in silicon, its electronic properties and 

microscopicc structure has gradually been acquired. A typical example demonstrating the 

successfull  understanding of hydrogen effects is the hydrogen passivation of shallow-level 

dopantss in semiconductors. It is now well established that atomic hydrogen passivates the 

electricall  activity of both shallow acceptor and donor dopants in virtually all 

semiconductors.. Depending on the type of semiconductor and material this passivation 

processs can be very effective or extremely difficult to observe experimentally. The 

microscopicc nature of shallow hydrogen complexes has been the subject of extensive 

experimentall  and theoretical investigations, and in most cases a quite detailed 

understandingg has been developed. In contrast to this, much less well understood is the 

interactionn of hydrogen with neutral impurities, extended defects, and defects with deep 

levelss such as double donors, vacancies and transition-metal impurities. Due to the fact that 

microscopicc nature of many deep levels themselves is not clear, the mechanism for 

hydrogen-deep-levell  interaction are at a much rougher stage. For example, one can take 

thee interaction of hydrogen with deep levels of transition metals in silicon. It was the 

generall  recognition that the interaction between transition metal and hydrogen creates 

severall  new transition-metal-hydrogen related levels in the band gap. These new defects 

mightt contain up to three hydrogen atoms. The important issue here is the electronic 

properties,, i.e., the electronic levels of the centers in the band gap of silicon, and their 

influencee on the important parameters of materials such as minority carrier lifetime, etc. 
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Thee principal technique used to determine these levels is DLTS. But, as there are always 

severall  coexisting hydrogen species or hydrogen-related defects, each producing levels in 

thee band gap, the task of assigning levels to specific defects is extremely difficult. This 

addingg to the fact that the DLTS is not designed to clear up the chemical composition of 

thee defect, neither the defect microscopic structure, the unambiguous identification of the 

defectt from DLTS alone, therefore, seems far from reliable. The combination of different 

experimentall  methods as well as the increasing power and precision of theoretical 

calculationss are obviously necessary. All this has meant that the study of the interaction of 

hydrogenn with deep-level defects is much less developed than that with shallow dopants. 

Andd yet, to comply with the emerging interest of hydrogen in semiconductor technologies, 

furtherr research to understand the fundamental properties of hydrogen in semiconductors, 

particularlyy the interaction with deep-level defects in silicon are of the utmost importance 

andd practical relevance for materials science studies. 

1.33 This thesis 

Inn this thesis, experimental investigations into hydrogen interaction with two distinct 

typess of deep-level defects, the selenium double donor and the noble transition metals 

gold,, platinum, palladium, and silver in silicon by magnetic resonance are presented. 

Applicationn of magnetic resonance has included the straightforward electron paramagnetic 

resonancee (EPR), as well as its extensions electron-nuclear double resonance (ENDOR) 

andd field-scan ENDOR (FSE). In the first chapter, to clarify motivations of the study, a 

brieff  introduction into the emerging role of hydrogen in semiconductor technologies and 

thee fundamental research on hydrogen in silicon is given. In chapter 2, experimental results 

andd recently published papers on magnetic resonance studies of hydrogen in silicon are 

reviewed.. This chapter covers four main topics, the isolated hydrogen center in silicon, the 

interactionn of hydrogen with vacancy and multi-vacancy defects, the hydrogen passivation 

off  the sulfur double donor, and the interaction of hydrogen with transition metals in silicon. 

Inn chapter 3, an extensive study of hydrogen passivation of the selenium double donor in 

siliconn is described. Two selenium-hydrogen complexes, with their EPR spectra labeled 

Si-NL600 and Si-NL61, are observed and identified as containing one-selenium-one-

hydrogenn and one-selenium-two-hydrogen atoms for the Si-NL60 and Si-NL61 centers, 

respectively.. This chapter demonstrates the ENDOR and FSE as the most powerful 
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techniquess for the identification of the defect impurities in the materials. It also put into 

questionn the possibility of full passivation of double donors by two hydrogen atoms. 

Chapterr 4, chapter 5, and chapter 6 are devoted to the study of the microstructure of the 

transition-metall  impurities and transition-metal-hydrogen complexes in silicon. These 

studies,, for the first time, provide the direct experimental evidence of the ability of 

transition-metall  impurities to bind up to three hydrogen atoms without passivating their 

electricall  activities. In chapter 4, gold and gold-hydrogen-related complexes are 

investigated.. Three new EPR spectra, labeled Si-NL62, Si-NL63, and Si-NL64, are 

observedd and identified as a subsitutional gold center, a two-gold-hydrogen-related 

complexx and a one-gold-two-hydrogen complex in silicon. A microscopic model of each 

centerr is proposed and a comparison is made to results of theoretical calculations, as well 

ass results from other experimental methods. The observations of transition metal—hydrogen 

complexes,, which contain one and three hydrogen atoms, are discussed in chapter 5 and 

chapterr 6. The EPR spectra are labeled S1-NL65 and Si-NL68, respectively, for the one-

platinum-threee hydrogen and one-palladium-one-hydrogen complexes. In chapter 5, also 

thee complexes of one-platinum-three-iron (Si-NL66) and one-platinum-one-iron are 

reported.. Chapter 7 is divided into two separate parts. The first part describes the 

observationn of a new spectrum, the Si-NL67, in thee silver-doped silicon. From the analysis 

off  the experimental results, the hyperfine interaction with one silver atom and two distinct 

goldd atoms, the spectrum was identified as originating from a silver-gold-gold complex in 

silicon,, providing evidence that gold is a contamination in the silver diffusion. The second 

partt focuses on the identification of the previously claimed gold center, the Si-NL50 

center,, in silver-doped samples. The new appearance of the spectrum observed in K-band 

EPRR spectroscopy, its co-existence with the well-known Au-Fe pair and detailed analysis 

off  the formation probability and thermal annealing of the center as well as its origin is 

presentedd and brought up for discussion. 
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