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Introduction
In the microelectronics fabrication technologies, hydrogen is present in all fabrication
stages being hence inserted either intentionally or non-intentionally within the Si lattice by
various methods affecting therefore, sometimes irremediably, the properties of the silicon
based devices. Several extensive books1-4 have been dedicated to the impact of hydrogen on
electronic and optical properties of silicon-based devices. Sometimes, however hydrogen
presence is considered beneficial and therefore it is inserted intentionally into the Si lattice.
Ion-cutting technologies by H implantation are falling in this category. The Smart Cut™ layer
transfer technology, based on ion implantation and molecular bonding is falling in this category. One practical application of hydrogen implantation in silicon is the SOI fabrication. The
SOI chips are used in various fields that may go from high temperature or high radiation electronics to the electronic devices for the general public5. It is also predicted that the SOI will
have the capacity to support the on-going miniaturisation process or to host new microelectronic architectures. SOI fabrication technologies are based on ion implantation and molecular
bonding. Among the SOI fabrication technique the best and the widest used is the Smart
Cut™ technology.
In this introductory chapter we shall present the context of our work from two points
of view: the technological framework to which is related this work and the atomic scale approach in tackling the issue of this technology. The Introduction is organized in two sections.
The first section establishes the context of our work in the field of microelectronics: the Silicon on Insulator (SOI) fabrication by Smart Cut technology. Smart Cut™ involves hydrogen
implantation into silicon and one of the important issues related to this technology is the evolution of the implantation damage defects into planar extended defects whose occurrence is
crucial for the efficiency of the technology. Therefore it is essential to understand the nature
of the implantation damage and how various components are evolving during the implantation
step itself and during subsequent annealing. In the second section the implantation damage
will be briefly analysed from atomic scale perspective identifying the defects in the implantation damage. Finally, an outline of the entire thesis work will be given in the third section.

1. SOI fabrication by Smart Cut™ Technology
Smart Cut™ is inspired from the blistering phenomenon in the field of nuclear technology6-10. The blistering observed within the walls of nuclear reactors is caused by the gas
accumulation (He) into cavities and bubbles. This inspired M. Bruel11 who tested if the same
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phenomenon happens when Si wafer samples are irradiated with H+ ions. Indeed, a similar
phenomenon is observed in H+ irradiated silicon samples: planar widely known as hydrogen
induced platelets or simply platelets (having a size up to tens of nanometers) are occurring
mainly within the crystalline plane parallel to the implantation surface. This crucial discovery
led to the invention of the Smart Cut™ technology dedicated to the SOI fabrication.

1.1 Smart Cut™ Technology
Within this subsection, the Smart Cut™ technology steps will be overviewed, after a
brief presentation of Smart Cut advantages with respect to its counterparts. A special emphasis is given to the irradiation and to the annealing steps. The platelets start to occur and nucleate within these steps from the defects produced by irradiation. The necessity of the atomic
scale approach is pointed out, finally in analysing the irradiation damage.
Smart Cut™ technology can be used for the removal of a thin layer of few tens of nanometres up to few micrometers from a Si monocrystalline wafer and the transfer of this layer
on another substrate, an insulator in the case of SOI. The Smart Cut core steps (see Figure 1)
are summarized as follows in the case of hydrogen implantation into silicon:
1. Hydrogen implantation in wafer A. H+ ions are implanted through a SiO2 (thermal
oxide) already present on one Si wafer. Ion implantation (hydrogen, helium) induces
the formation of an in-depth weakened layer, located at the mean ion penetration
depth, which will further lead to delamination of a thin film from a thick substrate.
Depending on implantation conditions (dose, energy and temperature) platelets may
start to occur from this step.
2. Cleaning and bonding. This steps consist in direct bonding on another Si wafer. Wafer bonding and layer transfer enable different materials to be associated to form multilayer substrates. This is particularly advantageous when a thin monocrystalline layer
is required on a support which does not allow epitaxy of this layer.
3. Splitting. Annealing leading to the formation and/or growth of platelets. The platelets
are the cause of the fracture induction. The fracture allows the effective transfer of the
silicon layer on the insulating layer.
4. Polishing. Thermal treatment or polishing of the surface produced by fracture. The
thickness homogeneity of the transferred Si layer is a measure of the quality of this
technology.
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Figure 1 Smart Cut™ technology scheme12.

Thanks to this combination between hydrogen implantation and direct bonding, Smart
Cut™ techbology is more effective than its other counterparts such as SIMOX13, 14 , BSOI15,
BESOI16, ELTRAN when it comes to the quality of SOI substrates and to the flexibility of the
technology17:
1. the layer thickness transferred on the insulator is established by the implantation energy of the hydrogen atoms, which allows a high flexibility in choosing various pairs
of Si/SiO2 thicknesses;
2. the transferred layer is still crystalline since hydrogen atoms are light projectiles that
do not damage too much the crystalline lattice;
3. the transferred layer have a smooth depth profile (±5 Å on 300 nm);
4. the technology allows recycling the wafer from which the transferred layer has been
removed.
5. it is a highly versatile12 method that allows combination of various other layer types
such as nitrides18, Al2O319, SiC22, GaAs23, InP24, Ge and GaN25.
The quality of the SOI depends on controlling the fracture and its causes.
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Figure 2 Typical cavities observed by TEM12.

1.2 Atomic Scale View Implantation Step of on Smart Cut™
The defects that are controlling the fracture are the platelets (Figure 2). The conditions
for platelets growth and development are known in terms of implantation parameters. After
implantation of hydrogen doses in ranges between 1016H+/cm2 to 1017H+/cm2, no defect is
detected close to the silicon surface, but platelets or microcavities confined around the maximum hydrogen concentration depth can be found. In (100) wafers, the platelets lie essentially
on the (100) planes parallel to the surface and to a lesser extent on the (111) planes, which are
energetically more favourable. For a 6 ∙ 1016 H+/cm2 implantation dose, the platelets are about
10 nm large and 1 or 2 atomic planes thick. However, their formation mechanisms are not
known.
The objective of this thesis is to model the underlying mechanisms of platelet formation. Hence, the effects of platelets on Si lattice leading to fracture are not the core of our
research, which focuses on the defects leading to the formation of the platelets. We situate
ourselves, thus, in the post-implantation state, which is in the time interval between implantation and the platelet formation.
The first task is to establish which defects are involved into the process of platelet
formation, which among them are mobile and which are the immobile. The second task is to
establish how defects associate or dissociate when samples are annealed.

2. Brief Overview on Implantation Damage Generation
During its path through the crystal the ions undergo a number of collisions with target
atoms before they come to rest. If the energy transferred to the target atom is higher than the
energy required to move the target atom out of the potential well, which represents its stable
lattice site, the lattice atom will be displaced. In the simplest case, a Frenkel pair is created,
i.e. the atom left a vacancy behind and occupies an interstitial lattice site. The displaced atoms
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can in turn displace other target atoms by secondary knock-ons, tertiary knock-ons etc. Thus,
if the implantation energy is high, each implanted ion causes displacement cascades within
the crystal lattice. Such events will result in many collisions and displacements events occurring in near proximity of each other (Figure 3).

Figure 3 Schematic of the formation of a collision cascade by a displaced atom.

The loss of kinetic energy in the case of H atoms is due either to electron or to nuclear
processes. For the relatively low implantation energies considered in the present process, electronic loses create little atomic displacements if any. Since the nuclear interaction of the incoming ions with target atoms is important only at low energies, the displacement of atoms
becomes significant shortly before the ions come to rest in the material. Further, before the
implanted ions come to rest in the material they do not have the required energy for the displacement of target atoms. Therefore, the implantation species concentration peaks at a slightly larger depth than the ion-implantation induced damage.
It is apparent that the above considerations only refer to the initial damage situation
during the passage of the ion into the material. Generally speaking, the components in a collision cascade will include vacancies and interstitials, together with more complex arrangements of defects. An accurate calculation of the final implantation damage depth distribution
is further complicated by the change in the displacement energy during the ion implantation
process. In a crystalline target, this displacement energy will decrease with the increasing lattice disorder, i.e. it will decrease with lower atomic packing densities
Describing the damage production and the damage accumulation is a difficult task due
to the complex variety of damage induced by ion implantation and due the many interdependent implantation parameters, such as ion mass, dose, dose rate, and substrate temperature. The
damage accumulation due to the subsequent implantation cascades is a competition between
damage generation and dynamic annealing. Both mechanisms are dependent on implantation
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parameters. An increase in dose rate increases the rate of damage generation, while an increase in substrate temperature increases the rate of annihilation of defects, thereby reducing
the effective rate of damage accumulation.
But in the present case the cascade should be small and we believe it is appropriate to
consider that initial damage is made of V and I together with the implanted H. Some of these
defects recombine with hydrogen atoms forming more complicated structures such as hydrogenated vacancies (VHn), hydrogenated interstitials (IHn), self-defects clusters (multivacancies – Vn, interstitials – In), hydrogenated clusters and finally platelets.
However the association and dissociation processes preceding and leading further to
platelet formation have not been studied yet. The mechanisms are essentially involving atomic
defect diffusers that need to be analysed at atomic scale.

3. Outline
In order to answer to the question articulated in the previous section we have organised this work under two axes: defects stabilities and kinetics. The text is organized from the
simplest (smallest) to the most complicated (extended) defects, from the study of simple migration phenomena and the recombination of isolated defects to the study of the evolution of
large assemblies of defects, modelling the implantation damage. Therefore the texts in five
chapters as follows:
Chapter 1 is dedicated to the overview of the rich literature on experimental and theoretical results related to the hydrogen related defects in silicon.
Chapter 2 is presenting the method employed within this work: the density functional
theory (DFT) and its implementation into the SIESTA code.
Chapter 3 deals with several types of hydrogen related defects. Firstly we have studied
the simplest defects such as the monatomic and diatomic defects, their stability, their migration and their recombination with the Si vacancies. The rest of the chapter is dedicated to the
stability of hydrogenated defects containing more than one vacancy.
In chapter 4 several models of platelets involving internal surfaces will be presented.
The stability of the platelets models and the accumulation of hydrogen molecules in the void
space delimited by the internal surfaces created by the annealing of the implantation damage
will be discussed.
Finally, in chapter 5 we present the results on the damage evolution obtained through
FTIR measurements on samples implanted in different conditions. These results are discussed
in the light of the DFT results presented in the chapters 3 and 4.
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This work is closing with summary of the main results, the overall conclusions on this
work and perspectives on further possible work.
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Chapter 1 Bibliographical Review
In order to settle the background of our research, this chapter is dedicated to the outline of the already acquired knowledge on the Si:H system obtained by implantation. The
chapter is organized in two main sections as follows: The first section is summarizing the
main experimental results on hydrogen related defects that may occur in the evolution of the
primary damage defects to platelets. The second section is dedicated to the results obtained
mainly by density functional theory on hydrogen implantation related defects. The DFT results are complemented by other types of results obtained by other methods: the empirical
potential molecular dynamics (EPMD), the kinetic Monte-Carlo (kMC) etc. The chapter ends
with a list of open questions that have not been covered until now by the literature.

1. Experimental Results
This section contains experimental data on the defects created during implantation
stage and appearing during the annealing. The most widely used observation method to characterise the nature of these defects is the Fourier Transformed Infrared Spectroscopy (FTIR)
in the Multiple Internal Reflection (MIR) configuration. FTIR method will be used extensively by us in our study and it will be described in more detail in the third section of this chapter.
FTIR-MIR is not only a method related to the simple identification of defects, but allows also
following the evolution of the identified defects when the samples are heated. From the evolution of concentrations one can imply recombination mechanisms in which the identified defects may be involved.
Though good reliable information is given through this technique, it cannot bring all
the information due to some limitations. During the implantation with no cooling system, the
implanted target can reach temperatures as high as 100 °C. Thus, when measurements are
performed on implanted samples, the results characterize a post-implantation state obtained
by cooling down the implanted samples. During this process some reactions take place and
the final state of the sample is different from the as-implanted state. The in-situ measurements
during implantation are missing hence the existence of some defects in the implantation stage
has to be inferred from the results in the post-implantation state
Secondly, the post-implantation state is a very complex state and some of the defects
are hardly discriminated and characterized. The information regarding the mechanisms for the
damage evolution extracted exclusively from annealing spectra is incomplete as it will be
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showed further. The structure and the stability of the extended defects produced at the end of
the annealing process are not completely evaluated using the FTIR-MIR technique.
In order to complement the FTIR-MIR results one needs the following information:
1. The sites where hydrogen atoms are most stable;
2. The structures of defects others than atomic hydrogen and vacancies: more exactly the
number of hydrogen atoms and/or selfdefects involved in the defects and the possible
configurations of such defects.
3. The charge state of hydrogen related defects;
4. The energetic characterization of these defects: more precisely numerical values of the
solution energy of hydrogen in silicon, the energy levels introduced by these defects,
the formation energies, the activation and migration energies;
Therefore more refined techniques are employed for the study of hydrogen related defects in silicon and that are referred in this work:
1. Hydrogen atoms binding to the Si lattice in different sites is detected by the muon spin
rotation (µSR);
2. Charged vacancy containing defects as well as small cluster of self-defects are detected and characterized by the determination of the level in the gap through correlated
measurements of electron paramagnetic/spin resonance (EPR/ESR) and deep level
transient spectroscopy (DLTS).
3. Transmission electron microscopy (TEM) is used for the detection of platelets, internal hydrogenated surfaces related to micro-cracks and voids leading to the loss of
FTIR signal.
4. Various diffusivities measurements are used to determine the activation energy of hydrogen species and self-defects.
In order to present the experimental results from the simplest defects to the extended
ones this chapter is organized as follows. In subsection 1 we present the FTIR-MIR technique
and the main results on H implanted samples. An important deal of space will be dedicated to
this technique due to the fact that will be employed within this work. To complement the
FTIR results in subsection 1, subsection 2 is dedicated to the Muon Spin Rotation technique
and the interpretation of various signals. Subsection 3 deals with the ESR-DLTS correlated
measurements. Subsection 4 is presenting the main outcomes on electron microscopy investi-

20

gations related to the platelets. Activation energy determinations from diffusion measurements in different temperature regimes are presented in subsection 5.

1.1 Infrared Spectroscopy Analysis of Irradiated Silicon
This subsection is dedicated to the presentation of an overview of the infrared spectroscopy results and methodology as it applied to the case of hydrogen related defects. Therefore this subsection is divided into four parts. In the first part we present the basic principle
of the experimental set-up widely used in for IR measurements performed of hydrogenimplanted samples. The second part is dedicated to the physical principle based on which the
IR absorption peaks are assigned for spectra analysis. The third part is dedicated to the
methodology itself for the assignment of a peak to a defect and the characterization of a peak.
In the fourth part we discuss the types of defects that can be identified by IR. And, finally, in
the fifth part some of the limitations of the IR analysis are presented by giving examples in
specific cases.

1.1.1 Physical Principle of IR Analysis
Applied initially to the analysis of liquid samples, the infrared spectroscopy has been
widely used in the characterisation of solids. The elementary phenomenon on which the infrared spectroscopy is based is the molecular and lattice vibrations. The vibrations of the bonds
are called vibrational modes. The infrared spectroscopy deals, more exactly, with the detection of the vibrational stretching modes of various Si-H bonds.
The vibrational modes depend on the nature of Si-H bond, more specifically on the defects produced by atomic displacements surrounding the interstitial hydrogen or to which hydrogen is bonded1, 2. These characteristic vibrational frequencies are related to the binding
energy and to the mass of the atoms involved into the bond types.
The chemical composition of the solid sample is revealed due to the fact that the
chemical bonds have specific vibrational frequencies corresponding to different energy levels.
In principle, each characteristic frequency corresponds only to a single chemical species.

1.1.2 IR Characterization of Hydrogen Irradiated Solids
The IR measurement principle is basically very simple: a beam of infrared light (2.5
µm – 20 µm) is sent on the sample and the resulting reflected beam is analysed. It is observed
that different frequencies of light are absorbed by the sample. The absorption frequencies de-
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pend on the types of defects inside the sample (upon a principle that we shall explain in the
next part).
For the moment one focuses on the intensity of the outgoing signal. If the absorption
centres (defects) are in high concentration and they uniformly distributed in the sample then
they will absorb enough light such that their presence is detectable. Sometimes, however, the
defects are distributed non-uniformly (non-homogenously) in the sample being localized in
limited thin regions. Though the light is crossing these regions, not enough light will be absorbed by the existing defects such that the composition of the damage cannot be analysed.
In this case fall the samples obtained by H implantation. The interest area containing
hydrogen related defects is localized within a layer buried in the depth of the sample under its
surface. In order to avoid this limitation a special set-up is employed, such that the light is
crossing the interest region several times, by multiple reflections on the boundary surfaces of
a planar sample. The multiple reflections allow that enough light is absorbed by different absorbing centres such that these ones to be detected. This set-up configuration called the Multiple Internal Reflection (MIR) mode has been used for studying the hydrogen states in silicon
(Figure 4).

Figure 4 The MIR configuration for solid state samples analysis by FTIR.

This technique is highly sensitive, non-destructive and it is widely used in the current
investigations of hydrogen states in silicon related to the Smart Cut™ process. The semiconducting detector (HgCdTe) allows measurements with a spectral resolution of 4 cm-1. By multiple reflections within the samples the beam is probing several zones in the implantationdamaged zone. Through this technique the ratio between the effective signal containing information about the sample and the noise is high enough to discriminate and to analyse the
chemical composition.
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Figure 5 Typical FTIR spectra obtained by measurements performed on a H implanted Si sample at room
temperature (i) and then annealed to (ii) 300°C, (iii) 425°C, (iv) 500°C, (v) 550°C, and (vi) 650°C3.

In this case the outgoing beam, a product of multiple interferences, is analysed by applying a Fourier transform. While in the regular IR spectroscopy one measures the light absorbed by a sample containing different chemical species, in the case of the Fourier Transformed IR (FTIR) spectroscopy the principle is slightly different. Instead of measuring the
absorbed light for each frequency of the monochromator the infrared beam before passing
through the sample is passing firstly through an interferometer. The source beam is splitted
into two secondary beams. One of the secondary beams has a fixed optical path while the other one has a variable optical path, controlled by a mobile mirror. These two secondary beams
are interfering prior to pass through the sample and further fall on the detector. When the difference between the optical paths of the secondary beams corresponds to an even integer multiple of the wavelength quarter of an absorption band then one obtains a constructive interference. A negative interference is obtained when the optical path difference corresponds to an
odd integer multiple of the wavelength quarter. The interference spectrum is the sum between
all positive or negative interferences. A typical FTIR spectrum is presented in Figure 5.
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FTIR instruments allow the measurement of optical properties in the IR range 5004000 cm-1. The hydrogen implantation in the silicon matrix leads to the formation of Si-Hn
bonds whose vibration corresponds to the IR absorption band. These chemical bonds exhibit
several types of Si-Hn vibrations: “stretching” leading to IR modes within 1800-2300 cm-1,
“bending” with IR modes within 800-1000 cm-1 and “wagging” (oscillations) with IR modes
within the range 500-750 cm-1. The modes of frequencies inferior to 1000 cm-1 are not easily
measurable due to the absorption of the IR light on Si phonon modes.

1.1.3 Peak Assignment
In this section we show how the IR peaks are assigned to various defects. Since our
work is not essentially dedicated to the IR investigations of defects but uses the results in literature to support findings about the evolution of implantation damage under annealing, we
present the Si-HBC case just as an illustrative example. This is necessary to understand the
process of peak assignment to various stretching modes of hydrogen bounded to implantation
defects. We shall not present the process of assignment for each of the possible defects occurring during the implantation and during the annealing of the damage.
Structurally, Si-HBC is the simplest H-related defect in Si, and plays a key role in the
reactions of H with defects and impurities. At the BC site, hydrogen exists in the +1 and 0
charge states. In the latter case, the odd electron does not participate in the bonding but resides in a nonbonding orbital primarily localized on the two Si atoms adjacent to the proton.
This configuration has been studied in great detail experimentally4, 5 and theoretically, and is
thus well characterized. Thanks to these studies we have an almost exhaustive knowledge on
this defect and we shall use the simplicity of Si-HBC defect as an illustrative example for the
mindset of the assignment of IR frequencies to various defects.
The assignment of the absorption frequencies to various defects is based on several
steps of investigation:
1. The enumeration of all vibrational modes of a defect absorption centre based on the initial
inspection of the symmetry properties of the defect centre.
2. The evaluation of the vibrational modes frequency in order to establish if they are detectable by a particular IR technique using computational methods.
3. Investigation of the detectable peak in order to establish its correspondence to the defect
centre by means of IR spectroscopy and of related methods.
Next we shall discuss in detail each of these steps.
24

1.1.3.1 Vibrational modes
A defect may have more than one characteristic vibration, the vibrations being otherwise called usually local vibrational modes (LVM). These modes consist in different oscillatory displacements of atoms composing the defect absorption centre. The main types of vibrational modes are: the stretching, the bending and the wagging modes, the stretching modes
being usually the most numerous. It is widely known that only stretching modes of defects in
solids are visible in FTIR spectroscopy so we shall focus on them next.
Chemically, Si-HBC is a three-centre, two-electrons bond, very much like the type of
H bonding occurring in boron hydrides. The bond is somewhat compressed because optimal
relaxation (that do not include the second-nearest neighbour Si atoms) would likely result in a
longer Si-H-Si bond and a frequency lower than observed. This suggests that H moves along
the trigonal axis.

Figure 6 (a) Structure of HBC+ (white circles) in Si (gray circles), (b) Vibrational modes of Si-HBC.

The vibrational modes of HBC+ can be illustrated with the simplified model system
(with a D3d symmetry) shown in Figure 6a, which consists of a H atom surrounded by two
shells of Si atoms, containing, respectively, two and six atoms. Keeping fixed, for simplicity,
the six outermost Si atoms, we have nine vibrational degrees of freedom.
Displacement of the three atoms parallel to the trigonal axis gives rise to three
nondegenerate modes presented in Figure 6b. One mode having a A2u symmetry, which primarily involves the H atom (the H-related stretch mode), and two Si-related modes with A1g
and A2u symmetry vibrations perpendicular to the trigonal axis gives rise to three twofold degenerate modes, two with Eu symmetry and one with Eg symmetry. If the coupling matrix
element between the two Eu modes is much less than their frequency difference, then one of
the modes can be associated with the vibration of H perpendicular to the trigonal axis (the Hrelated bend mode), whereas the other mode primarily involves displacement of the two Si
atoms in the same direction. However not all the modes are detectable by the IR measurements.
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1.1.3.2 Detectable Vibrational Modes
In order to determine which of these defects are detectable by a specific technique,
one has to calculate the frequency of these modes. In order to evaluate the stretching frequency of the respective defect one performs calculations that can be more or less precise depending on the calculation method. In literature one may find highly imprecise calculations obtained by MNDO calculations6 or still more precise calculations performed within DFT obtained more recently7, 8.
The surrounding environment affects vibrational modes and hence, the absolute frequencies of an isolated defect are almost never measurable. Only one case is known for direct
measure of the local vibrational modes, that of Si-HBC by in situ IR spectroscopy9. This is not
possible in the case of other defects for which one measures only the local vibrational mode
disturbed by the imperfect surroundings. The theoretical calculations concern only isolated
defects. In order to compare the calculated frequencies with the measured ones, the measurements are carried out on samples that are not highly damaged. Having less damaged samples
for comparison is of particular importance since, for example, Nageswara Rao et al.10 studied
the influence of the implantation dose on the stability of Si-HBC by following the evolution the
Si-HBC IR signal. The Si-HBC defect becomes less stable when implantation conditions become more violent because such conditions favour formation of H2 interstitial molecule or the
saturation of the Si DBs.
The comparison between the calculated and the experimental results enables to propose scenarios whether a peak in a particular region of the spectrum belongs or not to a defect
vibrational mode. Moreover if the vibrational mode frequency value is out of accuracy interval of the experimental set-up, which for FTIR is usually 1800 – 2250 cm-1, then that vibrational mode is not detectable. In particular, this is why the wagging and bending modes whose
frequencies are evaluated to be between 500 – 1000 cm-1 are not detectable by FTIR.
The major SiHBC stretch frequency detected in the low-temperature H implanted c-Si
is 1998 cm-1 mode. This defect vibrational mode was studied for the first time by Stein4 who
considered that the fairly broaden peak corresponding to Si-HBC was actually centred in 1990
cm-1. Stein observed this intense infrared absorption peak at 80 K after proton implantation
into Si at 80 K. The complex was found to be stable only below 200 K. Based on the similarity of annealing characteristics of the 1990 cm−1 peak with vacancy annealing, Stein designated the site as a Si-H complex related to vacancy defects. Later, the 1990 cm−1 peak was reinvestigated by Budde et al.9 and was shown to be attributable to the positive charge state of
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bond centre hydrogen H+ (BC) 1998 cm−1 at 10 K. This local vibrational mode was studied
through in-situ infrared spectroscopy and by calculating exactly the stretching frequency and
the vibrational lifetime without invoking a role for vacancies. Balsas et al.11 confirmed
through ab-initio calculations the LVM frequency value found out by Budde et al.

9

and

showed that this LVM is in fact the A2u mode.
However, for more complicated defects such an exact analysis is not possible and further investigations are necessary in order to establish if a given peak corresponds to a defect
or not. These investigations are necessary to fully characterise the studied peak and to increase the accuracy of its association to a specific vibrational mode.

1.1.3.3 Peak Characterisation
In general, when it is possible, the full accurate description of the peak is performed
by comparing IR measurements with the results obtained using other characterization techniques such as those we shall present in the following sections: EPR/ESR, µSR or DLTS in
the case of small defects or, in the case of extended defects, by confrontation with HRTEM
images to test the presence of the inferred atomic scale objects. The correlation consists in
comparing the thermal stability of the peaks obtained through different methods: if the signature of a defect detected by these techniques disappears at the same temperature as a IR peak
then the IR peak corresponds to the defect identified by the first method.
Further, the final step is the full characterisation of the thermal stability of defects.
This is done through the annealing analysis. Measurements are performed on samples implanted in the same conditions but that have been exposed to different heating temperatures.
This type of measurements allowed to show that the HBC+ defects are thermally unstable
above 150 K and to infer that H becomes mobile. The diffusing H atoms interact with each
other, forming H2 * dimers12 and H2 molecules at interstitial tetrahedral sites13-15.
The annealing test itself is, in some cases, a good method to find the correspondence
between a peak and a vibrational mode. Some defects (hydrogenated interstitials or multivacancies) exhibit more than one stretching mode visible in infrared light. In order to discriminate the pairs of peaks that correspond to the same defect one performs, almost always, annealing in order to follow the evolution of the respective peaks. If their evolution trends are
identical (they extinguish at the same temperature) then one is able to confirm that they correspond to the same defect.
Another method for the characterisation of a peak is performing measurements when
the structure or/and the environment of the defect absorption centre is modified. These modi27

fications can be performed respectively by replacing the implanted species (in our case the
hydrogen) with one of its isotopes16 (the deuterium or sometimes the tritium) and by inducing
stress on the sample17. The consequence of such modification is the shift of the studied peak.
The peak is shifting towards smaller vibration frequencies when hydrogen is replaced with
deuterium11, 18. This is due to the fact that is the vibration frequency is decreased by the deuterium mass. When stress is applied the symmetry of the absorption centre is modified and the
vibrational mode is suppressed. One observes hence a decrease of the peak intensity with the
increase of the directional stress.

1.2 Results
FTIR successfully detects HBC and HAB, however these peaks are hardly visible in the
highly damaged samples being most of the time hidden by the neighbouring entangled peaks.
They anneal at temperatures inferior to 200 °C, being the first species that are “consumed” in
recombinations with other defects. The only diatomic structure being detected by FTIR is the
H2* complex (composed by HAB and HBC). The signature of this defect is composed by two
peaks one corresponding to HBC and the other one to HAB. These two peaks extinguish in the
same time.
A class of defects that is well characterised by FTIR are the VHn complexes. For each
of these complexes at least one peak has been identified. The VH and VH2 peaks are rapidly
decaying with the temperature, while the VH3 and VH4 peaks in particular are stable at high
temperature from which one can imply their important thermal stability.
At high temperature several other peaks are well defined: those belonging to the internal surfaces. However no total agreement is reached in the community about the structure of
these so called “internal surfaces”. Several ImHn peaks have been identified, and except the
IH2 structure proposed for one of them, no definitive structure has been proposed for the other
ones.
We see that such analysis has been successful for several peaks that have been attributed to various defects: HAB, H2 * and VHn. But these attributions do not exhaust the entire
list of peaks appearing in a IR spectra of a H implanted Si sample and one cannot construct,
thus an complete database consisting in the all defects and the positions of the peaks corresponding to their various stretching modes.
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1.2.1 Limitations
The complete exhaustion of the defects list is not possible due to several limitations of
any IR technique:
1.

the impossibility of discriminating some types of defects;

2.

the difficulty in making evaluation of the defects concentrations.

3.

some hydrogen related defects are IR inactive.

The first two limitations are the source of all disagreement encountered in the field literature, while the last one is compensated by complementary methods.

1.2.1.1 Discrimination of Defects
The impossibility of discriminating some types of defect is due to one of the two following reasons. The first reason is the fact that two different configurations may lead to very
similar sometimes identical vibrational peaks, making it difficult to identify these defects unambiguously. This is the case of some peaks attributed to the stretching modes of both hydrogenated monovacancies and multivacancies. For example, the 2025 and 2065 cm-1 lines are
attributed to both VH and V2H, while the 2190 cm-1 peak attributed to the VH3 is very close if
not identical to the 2191 cm-1 peak attributed to V2H6. A thorough discussion of this issue will
make one of the topics of the last chapter of this work.
The second reason for the impossibility of discriminating defects is the unknown
structure of such defects, which does not allow making theoretical calculations of their
stretching modes. This is the case of self-interstitials related defects containing more than one
H atoms (IH2, I2H2, I2H4 etc.) For example the 1986 cm-1 peaks is attributed to both IH2 and
I2H2 complexes, while the 1956 and 1965 cm-1 peaks are attributed to a hydrogenated selfinterstitial defect containing an undefined number hydrogen atoms (denoted consequently
IHx). Since this issue is not far away of being settled within the community we shall scarcely
refer to InHm-type defects as such.

1.2.1.2 Defects Concentration
Regarding the concentration of defects two aspects can be mentioned: it is difficult to
make evaluation of the absolute concentrations of some defects, but one can follow their relative evolution through annealing tests while for the some other defects (such as small hydrogenated internal cavities) it is impossible to establish a coherent relative evolution at all.
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The mathematical relation linking proportionally the intensity of a defect vibrational
mode to the absolute concentration of that defect is called the Beer-Lambert law. However the
proportionality factor (called by some authors the “form factor”) between the intensity and the
concentration is unknown for almost all hydrogen related defects. This factor is almost temperature dependent which allows describing separately within annealing tests the relative evolution for most hydrogenated point defect with respect to an initial state.
Such a description is, in principle, impossible for the hydrogenated planar cavities.
When the light is diffracting on such defects it crosses actually new surfaces losing intensity
by incoherent diffusion. The information is lost through such a phenomenon and the loss becomes more drastic when these defects have their size increased by the subsequent annealing.
Therefore, as it will be shown in the last chapter of this thesis a decrease in a signal corresponding to a SiH1,2,3 type internal surface does not necessarily mean the decomposition of
such defects.
The final limitation of IR spectroscopy of defective solids is the fact that many defects
do not exhibit stretching modes detectable by IR. Among these defects are some partially hydrogenated divacancies or hydrogenated multivacancies discussed in the previous sections.
However the most important defect that is not detectable in IR is the hydrogen molecule, a species that is playing a crucial role in understanding the evolution of defects in Himplanted silicon wafers. This defect is detectable by Raman spectroscopy.

1.2.1.3 Raman Spectroscopy and H2 Molecule
Before presenting the main findings by Raman spectroscopy regarding the H2, let us
explain why this specie is not detectable by IR spectroscopy. A vibrational mode is visible in
infrared spectroscopy only if IR induces a variation of the permanent electronic dipole associated to that bond. The permanent dipole of some chemical species, for example H2 does not
change. This is the reason for which H2 is not detectable by IR spectroscopy. The dipole vibrational mode (the Raman mode) 3618 cm-1 has been observed at temperature of 150°C
when no Si-H bonds associated to the platelets have been observed19. Observing the isolated
H2 in the damaged silicon is difficult due to the molecule instabilty in the presence of vacancies or interstitials20, 21.
The H2 molecule can exist within H implanted Si samples in various configurations: as
an interstitial diatomic structures in the tetrahedral (T) site20, included in an extended planar
defects15, 22, or as a gas23 inside cavities24.
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The H2 molecule in the T site is of fundamental interest. The electron affinity of the Si
atoms surrounding H2 is at least partly responsible for a small charge transfer from H2 to its Si
neighbours, which results in a weakening of the H-H bond. The dynamics of interstitial H2
molecule inside the silicon lattice exhibit a particular feature. The H2 molecule has ortho and
para states with the nuclear spins of the two protons aligned either parallel (ortho) or anti parallel (para). The transitions between these states is a quantum mechanical effect leading to the
free rotation of H2 at T site25-28 around the [100] direction27 inside the Si “cage” due to the
interaction between hydrogen nuclear spins and the spins of the surrounding host atoms. The
validity of such an hypothesis is confirmed by Weber et al.
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who report the presence of the

Raman splitting due to o-p conversion in the case of deuterium (D2) molecule and in the case
of a hybrid HD molecule in Si30.
From the observation of Raman split of these peaks, Hiller et al.26 imply the hypothesis of the hydrogen molecule break-up while migrating between adjacent T sites.

1.3 Muon Spin Rotation
There is little direct information on the dynamics of isolated interstitial hydrogen due
to the limited solubility of hydrogen in silicon and due to the hydrogen tendency to agglomerate into clusters. Reliable information on the hydrogen atoms can be obtained by application
of position muon spin rotation (µSR) technique. The name of this technique can be easily understood from its basic work principle.

1.3.1 Principle
µSR technique is based on the analogy between the muon and the hydrogen atom,
which allows considering that muon behaviour inside the Si lattice is valid also for H atoms.
Therefore if one succeeds to detect properties such as binding sites, charge and levels of the
muon inside the Si lattice then one can make analogies with H behaviour in the same environment.
Let us explain how the this analogy is possible. Positive muons (µ+) in condensed matter behave like light protons, with a mass of approximately 1/9 of the proton mass and one
positive elementary charge. Positive muons have a 1/2 spin and a magnetic moment only 3.18
times greater than that of a proton. Hence, from chemical viewpoint, µ+ and protons have essentially an identical behaviour.
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Muons do not exist as independent particles but they are created when Si samples are
irradiated with positrons that decompose into positive muons. When it encounters an electron,
µ+ forms a paramagnetic muonium-like species (Mu = µ+e-).
The µ decays with a mean lifetime of τµ = 2.2 µs into a positron and two neutrinos.
Thanks to the short time between implantation and decay of muons, metastable hydrogen-like
species can be observed as well as the dynamic processes which cannot be easily probed by
conventional experiments on hydrogen.
The muon spin direction is the preferential emission direction of the decay positrons,
as a result of the parity non-conservation of in the decay process. The spin orientation of the
muons is depending on the configuration in which they are bounded to the Si lattice. Information about the spin orientation and hence about the initial configuration of muon can be
derived from the analysis of the decay signal. This is actually the elementary phenomenon
lying at the basis of µSR experiments.

1.3.2 Results
There are two main types of µSR signals31 in Si identified corresponding to paramagnetic and non-paramgnetic or diamagnetic centres. The paramagnetic centres are called in the
literature normal and anomalous muons.
The normal muon signal corresponds to a neutral muon in the T site ( MuT0 ), a species
that is a rapid diffuser through the sites of lower symmetry. The other paramagnetic signal
0
corresponds to a neutral muon in the BC site ( MuBC
)32, 33. The hyperfine interaction MuBC is

related to that of an analogous hydrogen species HBC (AA9 spectrum) observed by EPR34.
The other classes of signals, called diamagnetic correspond to charged muon species: a
+
positive muon in the BC site ( MuBC
) and the negative muon in the T site ( MuT- ). Therefore

the muons either neutral or charged prefer two sites in Si: the BC and T sites. Schefzik et al.35
describe a new signal, MuV, corresponding to the muonium bonding to the vacancy (a VHlike defect) an equivalent of hydrogen bonding to Si dangling bonds within vacancies.
With respect to the charged species there are experimental results showing that the
charge sign depends on the Si doping type: Mu+ species are specific to the p-doped Si and
Mu- are specific to n-doped Si36. The charge sign of these species may be changed through
photoexcitation depending on the Fermi level inside the gap37.
Like the hydrogen, the muon is a negative-U defect in Si, hence it imitates faithfully
the electronic properties of hydrogen and by consequence. The transitions of muonum may
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account for the transitions that hydrogen may undergo. The Mu(0/+) thermodynamic level
correlates well with results for monatomic hydrogen, but the Mu(-/0) level is estimated to be
shallower than that claimed for H(-/0)38.
The near equivalence of energies associated with ionization of Mu- and H-, as well as
for energies related to electron-capture transitions from the stable BC configuration of Mu0
and H0 into their respective negative charge states, provides strong support for the argument
that the energy landscape for isolated Mu and H impurities is essentially identical. Both the
muonium and hydrogen impurity systems in silicon involve a dynamic mix of charge states at
ordinary temperatures. Based on the muonium results one would conclude that, within not
observed experimentally, the H0 states are metastable states occurring during diffusion when
hydrogen changes its charge (H- → H0).

1.4 Defects Ionisation Levels
As we have seen in §1.1 most of hydrogen related defects are detectable by infrared
spectroscopy based on their vibrations. This technique based only on the vibration properties
of defects has some limitations. These limitations make impossible the detection of nonhydrogenated defects (selfdefects and small size selfdefects clusters), some bigger hydrogenated defects (V2H2, V2H4, V6H12) and most especially the charged states. In the case of semiconductors the charge issue is of absolute importance in order to understand the mechanism of
charge transfer and the modification of the conduction type and of the transport mechanism.
All defects introduce ionisation levels in the band gap. The characterisation of these
defects consists in the measurement of the ionisation levels they introduce in the gap by
means of correlated measurements: one dedicated mainly to the detection of the defect and the
other to determine the level in the gap. Thus, two kinds of spectroscopies are used: the electron spin resonance (ESR) is used for the detection of defects having an unpaired electron,
while the deep level transient spectroscopy (DLTS) technique allows the calculation of the
position of the ionisation level introduced by that defect in the band gap. The position of the
ionisation level is expressed with respect either to the valence band maximum or with respect
to the conduction band minimum.
Actually the levels in the gap can be calculated within ab initio framework and therefore a great deal of detail will be given to listing these levels in the last part of this subsection.
These measurements performed by these techniques are correlated meaning that they
are performed on the same samples or on samples produced in identical conditions. The stability of the obtained peak signals is studied at different temperatures within the range delim33

ited by the cryogenic domain and the room temperature. Identical temperature for the total
annealing of two peaks obtained by different methods (they have same thermal stability) indicates that they are correlated being related to the same defect.
The details of ESR and DLTS techniques are far beyond the scope of this work. For
more details one can refer to the background works dedicated to these techniques39-42. Therefore we limit ourselves to the brief presentation of the basic principles of these techniques and
focus on the results that will be useful in our further investigation.

1.4.1 Deep Level Transient Spectroscopy
DLTS a technique pioneered by Lang43 from Bell laboratories is an experimental tool
for studying electrically active defects (known as charge carrier traps) in semiconductors.
DLTS enables to establish fundamental defect parameters (such as ionisation level) and
measure their concentration in the material. Some of the parameters are considered as defect
“finger prints” used for their identifications and analysis.
DLTS investigates the defects present in the charge space (depletion region) of a simple electronic device. Usually these devices are either p-n junctions or Schotky junctions. The
depletion region is submitted to irradiation by H ions. A pulsed voltage is applied to the junction then the intensity of the current is measured. Basically this is a standard I-V measurement, regularly employed in electronic devices characterisation. The voltage is modifying the
electric field in the depletion region that leads to the excitation processes, charge carrier production and further to trapping or emission of these charge carriers by the existing defects.
When the excitation is interrupted (the pulsed voltage is stopped), the trapped carriers are
emitted by the trapping centres creating a current signal, which is specific for a given defect
species. Various methods of signal analysis allow the extraction of the values of the defect
level within the gap.
DLTS technique exhibits a higher sensitivity than any other semiconductor electrical
characterisation (diagnostic) techniques. Through DLTS one can detect defects in concentrations of one part to 1012 of host material. Therefore the DLTS became a standard test in semiconductor research field allowing the calculation of level within gap of hydrogen atoms44,
selfdefects, di-vacancies45, some hydrogenated vacancies46 and self-interstitial clusters47.

1.4.2 Electron Spin Resonance
ESR technique is a spectroscopic technique detecting the excited states (produced by
Zeeman effect) of the spin belonging to an unpaired electron of various chemical species or
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crystalline solids defects. First, extensively employed in organic chemistry for the detection of
the free radicals, this method has become widely used in the characterization of semiconductors.
The ESR resolution is limited by the existence of unpaired electron spins. These spins
can be excited and the defect can access thus, different excited states of higher energy. These
transitions are achieved by absorption of energy provided by electromagnetic wave with frequencies in the microwave range. When transitions are occurring absorption peaks are observed in the emerging signal. The absorption peaks are characterising individually a specific
defect and therefore are defect signatures.
ESR spectroscopy is applied with success for the analysis of the radiation damaged defects and for the study of the mechanisms involved by the radiation damage production. Usually the ESR signals are connected with DLTS ones as the examples bellow will show. One
has always to keep in mind that not always such a connection is possible because, sometimes,
a defect that is detectable by DLTS is not detectable by ESR or vice-versa.

1.4.3 Charge Transition Centres
In this section we provide examples on DLTS-ESR correlated analysis for the detection and characterisation of defect centres. The literature dedicated to this type of investigation is relatively rich though rarely systematic.
The levels introduced by H+ and H- within the gap are EVBM + 0.3 eV (donor level) and
ECBM – 0.2 eV (acceptor level), respectively44. For Fermi levels in between these two values
H0 metastable states are possible either at T or at BC sites. At temperatures higher than 150 K,
HBC0 is converted to HBC+ owing to the ionisation corresponding donor level at ECBM – 0.16
eV48, 49. The transitions between the different H states cause the complex dependence of H
behaviour upon the dopant, concentration, temperature, etc.
For interstitials, different structural configurations are possible. These configurations
are described in detail in 2.4.3. It has been established that in silicon the vacancy takes on five
different charge states in the band gap: V2+, V+, V0, V–, and V2– and the self-interstitial could
exists in four charge states after some authors50: I–, I0, I+ and I2+, or in five states, after other
authors51, 52.
Two states of V2 corresponding to two EPR signals (Si-G6 and Si-G7) were discovered by Corbett and Watkins57 and they have been attributed to a single positive and a single
negative charged states, respectively. Further researches by EPR58, photoconductivity59,60,
infrared spectroscopy61-64 and DLTS65, 66 confirmed this correspondence and added new in35

formation, such that one knows today that V2 may exhibit four different charge states (+, 0, –,
2–). The ±1 charge states modify the D3d symmetry of V20 to a lower symmetry C2h. Based on
the DLTS studies65, 66 the following level scheme is proposed: EVBM + 0.25 eV (0/+), ECBM –
0.42 eV (–/0) and ECBM – 0.23 eV (2–/–).
DLTS only studies46 of high-dose H-ion implanted silicon revealed three hole trap
centres. Since no EPR results related to these centres are presented, the characterisation is
incomplete. Two levels ECBM – 0.67 eV and ECBM – 0.33 eV have been successfully attributed
to VH2 and VH3 complexes, respectively. The third level is very close, though distinct, to
ECBM – 0.23 eV attributed to V2 (2–/–) level. Therefore the authors suppose that this centre is
connected with defect clustering. Miksic et al.67 report another two levels: EVBM + 0.52 eV
corresponding to VH and EVBM + 0.33 eV corresponding to a VHn defect (with an unknown
hydrogen content). A VH (0/–) level is reported68at ECBM – 0.443 eV, while another level,
EVBM + 0.68 eV, is associated to a hydrogenated divacancy, V2H (0/–). The largest hydrogenated multi-vacancies detected through ESR/DLTS is the so-called “ring-shaped” hexavacancy
(V6H12), whose ESR signal is labelled AA17, considered as a nucleation centre for (111)
platelets69-71.
Table 1 Energy levels of isolated vacancies and interstitials in silicon.
Vacancy
Energy level [eV]
Reference
Experimental Calculated
53
EVBM + 0.05
53
EVBM + 0.13
54
EVBM + 0.06
50
EVBM + 0.47
55
EVBM + 0.76
50, 54
EVBM + 0.84 EVBM + 0.84
56
EVBM + 1.01
Interstitial
19
EVBM + 0.12
18
EVBM + 0.26
21
EVBM + 0.40
18
EVBM + 0.45
19
EVBM + 0.52
18, 21
EVBM + 0.68 EVBM + 0.70
22
EVBM + 0.76
21
EVBM + 0.90
22
EVBM + 1.05

Assigned
charge state
V+/0
V2+/+
V0/Non attributed
Non attributed
V2-/V2-/Non attributed
Non attributed
I2+/+
Non attributed
Non attributed
I+/0
I2+/+
I+/0
I-/2-

Through an interplay of DLTS, ESR and photoluminescence analysis Benton et al.47
identified three interstitial-related centres characterized by the following levels: EVBM + 0.29
eV, EVBM + 0.48 eV and EVBM + 0.50 eV. The first two levels correspond to small interstitial
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clusters (of unknown structure) that are the precursors of an (311) extended defect to which
corresponds the last level. Other small cluster corresponding levels have been detected later
on by the same authors72 at ECBM – 0.29 eV and ECBM – 0.50 eV. The Si – AA12 ESR centre
belongs to an interstitial defect whose (+/2+) level is situated at ECBM – 0.39 eV73, 74.
Mukashev et al.75, 76 have been able to correlate the AA12 ESR centre to a DLTS determined level ECBM – 0.39 eV (+/2+) belonging to a hydrogenated interstitial IHn (with an
unknown hydrogen content).
Several complex defects have been detected by ESR only measurements, the ionisation level remaining to be determined in the future: Si – P3 centre has been attributed to neutral four-vacancies (V4)77, Si – E signal is associated to VH78, Si – DK5 centre to a VH2 excited states79, Si – S1a centre to V2H0 and Si – S1b possibly to V3H0 or V4H0 as a tentative80, SiB3 to an interstitial related centre81, Si – P6 centre to a di-interstitial (I2)74, 77, Si – B3 to a tetra-interstitial defect (I4)82-84, Si – AA1 to an interstitial cluster (In) related defect85,

1.5 Extended Defects Observation by Electron Microscopy
In the first section it has been implied that one of the limitations of the IR spectroscopy concern the quantification of the extended defects involving cavities in H-implanted samples. In order to quantify the presence of such extended defects inside the sample IR analysis
have to be complemented by another type of characterisation. High-resolution transmission
electron microscopy (HRTEM) is an imaging mode of the transmission electron microscope
(TEM) that allows the imaging of the crystallographic structure of a sample at an atomic
scale. The defects in irradiated Si samples that are detectable by TEM fall into two categories86:
1. defects observable immediately after the implantation of any projectile in almost any
material: dislocation loops (Franck type), one dimensional [311] defects consisting of
self-interstitials87;
2. defects that are specific to the hydrogen implantation.
Within this last category we distinguish therefore three types of extended defects within a silicon matrix: (100) and (111), planar cavities or platelets and spherical microcavities or
bubbles (Figure 7). The classification between platelets and microcracks is based on the dimension of these defects. The platelets have a diameter of 10 nm while the microcracks are
extended defects with a diameter of several hundreds of nanometers or several micrometers.
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In the next paragraph we shall discuss only on platelets, which are the in the focus of our research.

1.5.1 Platelets
The platelets are defects observed in a large variety of materials with semiconductor or
insulating character. We might be tempted at this point to infer that the platelets are related to
the conduction character of the material in which they appear. For example, recent works89, 90
show that the occurrence of platelets is not singular to the Si samples but it has been also observed in the case of Ge, another element of the IV group exhibiting similar semiconducting
properties as Si. In the work of Pailloux et al.89 one may find an instructing summary of platelets occurrence in various types of materials as well as an argumentation on HRTEM as a
method suited for the observation of these defects.

(a)

(b)

(c)
Figure 7 TEM micrographs of annealed H-implanted samples exhibiting platelets oriented in various directions: (a) (100), (110), (1-11), (b) (100) and (010) and (c) damaged areas containing both platelets and
bubbles 88.

Platelets formation is involved in the occurrence of an effective fracture accomplishing the Smart CutÔ process in a typical case of H-implanted Si. Extensive studies on the
platelets formation and their occurrence in different implantation and thermal treatment conditions have been the topic of previous works of Lagahe22 and Grisolia86. These works established two implantation dose domains, with respect to a threshold dose91, meaning two re38

gimes for the formation of platelets. The first domain called the “under/sub-dose” represents
the implantation doses less than 3∙1016 cm-2 while the other domain including the doses 36∙1016 cm-2 is called the “mean-dose” domain. In the studies, the Si samples implanted in the
sub-dose domain do not exhibit platelets immediately after the implantation, but after a thermal annealing86 and do not allow a proper layer transfer under thermal treatment up to 500
°C. Further annealing at high temperatures (700-900 °C) leads to the creation of spherical
cavities, though the formation of these ones is not anymore controlled by hydrogen which is
already absent from the samples92. The samples implanted in the mean-dose regime exhibit
platelets immediately after the implantation and after a thermal treatment these platelets lead
to the formation of so-called “fracture line” along the implanted zone.
In the case of samples produced through implantation, the TEM micrographs of meandose implanted samples exhibit a hydrogen-containing zone in the depth of the crystal (Figure
8). The maximum concentration of the hydrogen peak at 2/3 of the thickness within the damaged zone corresponds to the preferential development of cavities and fractures of important
dimension22. Actually TEM observation allowed the platelets localisation in the area right
above the hydrogen concentration peak93 or behind depending on experimental parameters
[NIMB 216, 257-263 (2004)]. The implanted zone leads to an important contrast in TEM imaging. The origin of this contrast may be the high concentration of damage and hydrogen in
that region but also the overall stain produced by the implantation itself [JAP 103, 023508
(2008)].

Figure 8 TEM micrograph exhibiting the morphology of an H containing layer [JAP 103, 023508 (2008)].

The platelets are bidimensional with a diameter96 of 10-15 nm and with a thickness of
1-2 atomic planes (Figure 9). A small expansion of the lattice is observed around this defect
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due to the insertion of hydrogen atoms that saturate the broken Si-Si bonds. It is not yet
known if molecular hydrogen exists within such defects97.
The platelets can be oriented along two crystalline plans, (100) 22, 99, 100 and (111)99-101.
Personnic94 observed also the concomitant presence of (100) and, in considerably small densities, (111) platelets. When the hydrogen is implanted by ion implantation, most of the platelets are oriented along the crystalline plan parallel to the implantation surface88 independently
if the surface is tilted or not with respect to the implantation beam102. This is the reason for
which (100) platelets are in greater concentration in the (100) faced Si sample. Actually the
platelets orientation depends on the methods of hydrogen insertion into the Si lattice. Additionally to the implantation as a method to obtain the platelets, Johnson et al.103 report their
existence within H plasma exposed Si samples. As a general rule (111) platelets are occurring
predominantly in the plasma-exposed samples.

Figure 9 Typical HRTEM image of the (111) defect in hydrogenated Si in thick regions of the specimen.
The arrows indicate regions along the planar defect showing the typical high-resolution contrast98.

Thus the sample damage history affects the platelet orientation, which means that
there is a local property, related to the damage that controls the orientation of the platelets.
This local property is the axial strain88, 104, which, in particular, can be quantified by HRTEM
measurements105 correlated by other techniques such as secondary ion mass spectroscopy
(SIMS) and FTIR-MIR spectra106. Chemically the strain is induced107 by hydrogen accumulation into molecules, by Frenkel pair generation, by hydrogen insertion in the Si-Si bond (in
the BC site). It is probable that some of this strain is released in the early phases of the thermal treatment via the recombination occurring around the platelets108.
The platelet orientation and formation depend also on doping. Nordmark et al.109 suggest that the structural features are independent on the choice of n-type or p-type Si as implantation target. This can be fairly well understood in high dose implanted samples when hydro40

gen atoms are passivating the doping atoms annihilating their influence on the n or p character
of Si and gaining, hence control on the electronic properties of the system. In their fundamental papers Nickel et al. 110, 111 show that indeed, at low hydrogen concentration, the Fermi level is controlling the occurrence of platelets in term of structural features and depth. They
make the claim that H- is essential for platelets nucleation. When Fermi level do not favour
the formation of this atomic defect (especially close to the surface), the platelets cannot nucleate.
Another factor affecting the formation of platelets is the implantation temperature. It
has been observed112 that platelets appear on extended surfaces in the case of room temperature implanted samples, while low temperature (- 140°C) implantation diminishes the formation of platelets.

1.5.2 Platelet Evolution
If the dose is high enough (in the mean-dose domain) the platelets develop into planar
cavities that are thicker corresponding to 3-4 atomic plans. Finally the micro-cavities develop
into micro-cracks whose dimensions can easily reach several hundreds of nanometers and
whose thickness reach 2-4 nanometers. The micro-cracks of several microns are the cause the
material fracture93, 112.
TEM imaging confirms also the Ostwald ripening phenomenon related to platelet evolution86, 109. The total volume held by the platelet defects typically remains constant during
annealing although their size and density vary. These results correlated to the IR spectroscopy
show that the Ostwald ripening is a conservative phenomenon at least until the created internal surfaces are including also molecular hydrogen. The evolution of the platelet defects leads
to cracks or cavities under inner pressures that are produced by hydrogen molecules formation
within the extended defects113-115. Höchbauer et al.93 provide a detailed scenario of chemical
bonding of H to Si lattice in various forms leading to the occurrence and growth of these defects.
Nanocavities are three-dimensional extended defects (agglomeration of vacancies) occurring mainly in the case of (H, He) co-implanted samples. They are indeed observable by
TEM technique correlated to other techniques such as positron Döppler broadening or IR
spectroscopy116 aiming to reveal the chemical structure of the surface of such internal defects.
The three-dimensional defects usually shrink for annealing temperatures in the interval 500 –
700 °C87.

41

The nucleation and the growth of platelets as it can be modelled from experimental data is the object of the current research. Several models have been proposed through combination between thermodynamic117,

118

and kinetic119-121 considerations. Within the kinetic ap-

proach there is a need to know how the atom and defect transport is occurring within the damaged zone. More exactly one needs to know what are the diffusing processes and the quantities governing these processes. The next sub-section and the last in the series of the experimental data presentation is dedicated to these diffusion processes.

1.6 Diffusion Measurements
Diffusion inside the H irradiated silicon is mediated by two types of mobile species:
the hydrogen and the selfdefects. There are various methods for studying the diffusion of such
defects and the quantity derived from such measurements is the diffusivity of each specie. In
general the diffusivity law obeys the Arhenius-type exponential laws:

æ E ö
D = D0 exp ç - a ÷
è kT ø

(1.1.1)

whereas D0 is the pre-exponential factor (in cm2 s-1), Ea is the activation energy for the diffusion process (in eV), k is the Boltzmann constant, T is the temperature (in K). Usually this law
is plotted in logarithmic scale, which allows then to calculate the activation energy. This
quantity can be calculated by computational means allowing hence validating the diffusion
scenarios proposed by diffusivity measurements. Though various experimental value have
been proposed for the activation energy, no calculated value has been reported until nowadays.

1.6.1 Hydrogen
Hydrogen transport in the Si lattice can occur through two mechanisms: tunnelling (T
< 200 K) and the thermal diffusion (T > 200 K). Tunnelling is a phenomenon that is hardly
detectable122, 123. The activation energy for tunnelling is 0.043±0.004 eV123. Since the implantation conditions involved in Smart Cut™ are far beyond 200 K, in this section we shall be
interested in thermal diffusion only.
It was observed also that hydrogen diffuses more rapidly in the doped than in undoped
Si and, further, that diffusion is more important in the p-type than in the n-type Si 19, 124, 125 126128

. One may imply based on some experimental results125, 127 that in p-type Si, the diffusion

is strongly dependent on the applied external electrical field and proceeds through positively
charged hydrogen. In n-type Si, it has been suggested129-131 that the diffusion proceeds by
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negatively charged hydrogen H-. Neutral hydrogen is expected to exist in both doped and undoped Si, in the former case especially when the concentration of hydrogen exceed that of the
dopant132. It has been also proved by spread resistance measurements133 on plasma exposed Si
samples, that hydrogen charge changes (H+ → H0) during the diffusion.
A classical study on the diffusivity and solubility of hydrogen in semiconductors in
high-temperature range 970 – 1200 °C

124

continued by later low temperature studies134, 135

concluded that the diffusion of hydrogen in silicon is made via monoatomic species. The Arhenius form of the diffusion coefficient is the following:

æ 0.48 eV ö
DH = 9.4 ×10-3 exp ç ÷
kT ø
è

(1.1.2)

hence the activation energy is 0.48 eV and the pre-exponential factor is 9.4∙10-3 cm2s-1. Similar value has been observed in lower ranges of temperature (400-600 °C) in the case of tritium
in p-type crystalline Si:

æ 0.57 eV ö
DT = 4.2 ×10 -5 exp ç ÷
kT ø
è

(1.1.3)

The near close activation energy of the hydrogen isotope confirms thus the value for H species. Within approximately the same interval (429 – 800 °C), diffusivity measurements136
show that the thermal diffusion can be extended within this intermediary temperature range.
Given these high values for diffusivity one expects an important exo-diffusion during
the thermal treatment. Indeed Grisolia86 concludes that between 500-700°C hydrogen disappears from the sample by diffusing through the sample surface.
However the 0.48 eV is not the only value reported in the literature, highly damaged
crystals exhibiting higher diffusion activation energy for hydrogen. Values obtained from low
temperature diffusivity measurements, such as 1.2 eV and 0.8 eV are attributed to the activation of neutral and positive atomic hydrogen, respectively137. Other energy values vary from
1.1 eV up to 2.0 eV (depending upon authors, i.e. implantation conditions) showing that another processes than direct diffusion are involved. But these measurements

138-142

show that

diffusion coefficients are very low and the explanation is that hydrogen is trapped at damage
defects (dangling bonds and interstitials) or they are involved into the molecule formation. In
the case of damaged crystals, the diffusion coefficients are in fact effective diffusion coefficients and their different values are proving the occurrence of trapping and detrapping processes22.
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Johnson and Herring143 implied the existence of highly immobile hydrogen species
present at temperature inferior to 350 °C. Due to the difference of three orders of magnitude
between the high temperature (HT) and low temperature (LT) diffusion data144, the picture of
the diffusion is not yet clear. The diffusion can occur either by atomic or by molecular units,
or possibly by other complexes. The activation or formation energies (since the evolution
mechanisms are yet unknown) of H2 and H2 * have been determined from quenching temperatures dependence of the spectral peak intensities145. These energies were 2.2 eV and 4.8 eV
for the H2 and H2* respectively.
Since the molecules are considered immobile, the best candidates for diffusion are the
atoms, but one does not know if the diffusion process is a hydrogen only process or the selfdefects are involved and what are the migrating species.

1.6.2 Selfdefects
Suezawa et al.146, 147determined the vacancy formation energy in high-purity Si by a
new quenching method: specimens were heated in H gas at various temperatures followed by
quenching in water. The formation energy determined by the above method is 4.0 eV, a value
which agrees well with recent theoretical values (see next section) and with the previous
measurements leading to a close value (3.6 eV)148.
The measurement of self-diffusion is either measured directly, which in the case of interstitial is an impossible procedure or, most of the time, indirectly being derived from other
data. A recent work on direct measurements on selfdiffusion is that of Bracht et al.149 reporting a value of 1.8±0.5 eV for the vacancy activation enthalpy.
In the particular case of the vacancy activation energy is also derived from the analysis
of the diffusion profiles of heavy ion impurities such as Au, Pt, Zn, Ir, whose diffusion is influenced by the presence of the vacancy150-153. The value of the measured enthalpy is between
1.8 – 2.8 eV.
Table 2 Migration energies of I and FP’s relative to that of V during electron irradiation.

The migration energies can be extracted either from EPR-DLTS measurements expressing the unknown activation energy of a defect as a function of known activation energy
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for a well characterised defect. This is the case of V0 whose migration is expressed as a function of the earlier determined V2+ migration energy154. For the moment the experimentally
determined migration energies for vacancies are: Em[V2-] = 0.33 eV, Em[V0] = 0.45 eV, Em
[V2+] = 0.18 eV (see references in Suezawa et al.146 and the references therein).
Once the vacancy migration energies determined, Suezawa et al.

146, 147

proposed the

migration energies of interstitials and Frenkel pairs as derived from the thermal evolution of
the relative intensities. In the relative intensities IH2/VH2 are counting for the mobility of the
interstitials. Since H2 * is supposed to be obtained from V-I annihilation according to Estreicher et al.

155-157

the H2*/VH2 is accounting for the migration barrier of Frenkel Pairs. Hence

the values presented in Table 2 are relative to the calculated V migration barrier.
Vaidyanathan et al.158 propose, however, that self-diffusion properties of Si add-atoms
on Si surface may account on the self-interstitial diffusion in bulk. By monitoring Si30 isotope
diffusion in surfaces via secondary ion mass spectroscopy they evaluate the interstitial activation energy to be 3.12 eV, less than the estimations made previously through relative measurements.

1.7 Summary of Experimental Results
The results presented in this section can be summarized as follows:
1. The sites (BC and AB) occupied by hydrogen atoms are indirectly assigned by the
µSR based on the analogy between the property of the hydrogen atoms and muons.
Further IR signals are assigned to the vibrational modes of hydrogen atoms situated in
this site. DLTS measurements show that the hydrogen atoms in Si are charged.
2. The hydrogen dimmers are optically active and give signals in the vibrational spectroscopy: H2 in Raman while H2 * in FTIR. Most authors agree that H2 is an immobile
species decomposing rather than migrating. The H2* decomposes as well, but its decomposition mechanism is not described in detail.
3. Experimental measurements on diffusivities and diffusion activation energy show that
hydrogen migrates through rapidly diffusing species and the barrier is 0.48 eV. Most
authors argue that these diffusing species are monatomic. This is rather a working hypothesis than a fully confirmed fact. The diffusion activation energy is increasing up
to 1.8 eV when the silicon lattice is more damaged.
4. The self-defects are hard to detect: only vacancies in five charge (0, ±1, ±2) states
have been detected by correlated DLTS-EPR measurements. The interstitial is hard to
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detect even at cryogenic temperatures due to its high mobility. The self-defects are not
optically active.
5. The hydrogenated monovacancies are detectable by FTIR. DLTS-EPR measurements
are able to discriminate the charge. VH and VH2 are negative-U defects. The VH4 IR
signature is involved into the formation of the (100) and (111) surfaces.
6. Hydrogenated interstitials are detectable by FTIR, however there is an arguable
agreement on the assignment of peaks to their vibrational modes. EPR-DLTS measurements succeed to detect interstitials related centres in the Si lattice and assign specific signals, but they fail to give insights on the structure of these centres.
7. Multivacancies are not detected in the H implanted Si. Hydrogenated multivacancies
are hardly detectable. Tentative attempts to assign IR signal to some of these defects
do not meet the support of the community.
8. Extended interstitial defects (called {113} extended defects) are the most stable interstitial containing defects.
9. Platelets have been visible in TEM micrographs and their presence is associated to the
SiH/SiH2 surfaces IR signals. Annealing leads to platelets growth in size by capturing
of H and V in the surrounding matrix (SEM) or by H exchange from small clusters to
greater ones.

46

2. Atomic Scale Calculations of Hydrogen Related Defects
in Silicon
In this section we shall present the atomic scale calculations results on the hydrogen
related defects produced by H implantation. This section is organised such that first presents
the simplest hydrogen defects (monatomic and diatomic defects) and secondly the selfdefects
as defect species involved in the formation of more complex hydrogenated defects containing
one to several selfdefects. The last structures that will be studied are the bidimensional extended defects called platelets
Computationally, the behaviour of hydrogen in silicon31 has been investigated using
more or less accurate methods depending on the period. This twofold typical system has been
investigated as a model system for almost each electronic structure computational technique.
The silicon vacancy becomes the standard defect studied by each of these techniques. The socalled “accuracy” of these methods is appreciated by comparing the calculated value of a
property (typically the formation energy of the vacancy) with the experimental value. In this
respect, the accuracy degree evolves from extreme inaccuracy due to crude approximation in
view to implementation on first computers to high accuracy of later DFT methods or nowadays Green functions based method (such as GW). The computational method we shall use
being electronic structure calculation within the DFT we restrict ourselves only to review the
results obtained via this method and the related methods (typically empirical potentials). Even
this constrain is not reducing the amount of results that have to be discussed.
The examination of the huge amount the literature presenting computational results
shows the followings:
1.

The hydrogen atoms are fully characterized by DFT starting with the end of ‘80s

159, 160

one of the latest articles on hydrogen atoms and molecules is dealing with the

doping character of hydrogen atoms 161.
2.

The silicon vacancy is still the typical defect studied by all computational means

in both neutral and charge states.
3.

The questions over the other defects are still open, in fact studies on the Si:H sys-

tem are not so numerous as they were 20 years ago due to some lack of interest on the
topic.
In the view of these considerations we adapt the overview of the results and we organised the section as follow:
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1.

In the first subsection we present briefly by illustrative examples the quantities

that are actually obtained through atomic scale calculations.
2.

In the second subsection are presented the monatomic and diatomic hydrogen

structures in terms of their stability as well as the existing attempts in determining the
migration path and barriers.
3.

The third subsection is dedicated to the silicon self-defects, the most studied irra-

diation produced defects in silicon. In the case of vacancies we limit ourselves to the
articles and reviews published in the last 10 years. The particular feature of vacancies
and interstitials that tend to agglomerate into clusters of increasing size will be a also
discussed.
4.

In the fourth section one discusses the stability of the hydrogenated vacancies and

interstitials and some proposals regarding their formation processes.
5.

The last defects in which we are interested, the platelets are presented in the fifth

section according to the few modelling structures proposed until now in the literature.
6.

In the last section we shall summarize the essential results presented in this chap-

ter.

2.1 Energetic Quantities
In the framework of the DFT implemented in various computational versions and
codes one calculates the ground state energy of periodic systems whose unit cell (repetitive
unit) is a box containing a finite numbers of atoms of the host crystal. Within this cell one
models the intrinsic defects or one introduces the heterogeneous atoms (in our case hydrogen
atoms in different sites or configurations) as it will be described bellow. If one needs to model
charged defects one adds the charge by adding and removing the corresponding number of
electrons. The ground state energy of such a system does not have any sense itself but it can
be combined with other energy values of different systems into formulas of various energetic
quantities it may give a clue on the stability of the studied defects.
In this section we shall present some examples of energetic quantities that are widely
used in the literature. The formulas of these quantities are slightly different in the case of neutral and charged defects. We shall start with the derivation of some quantities in the case of
the neutral defects and then simply write down the equivalent versions in the case of charged
defects.
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Perhaps the most encountered energetic quantity within the enormous silicon point defect thermodynamics literature is the formation energy of a vacancy and to a lesser extent the
formation energy of the interstitial. The vacancy is modelled within the unit cell by removing
one atom from the N atoms existing in that unit cell. The formation process of such defect can
be written thus as follows:
(1.2.1)

N Si ®

Perfect bulk

( N - 1) Si
Bulk with 1 vacancy

+ 1 Si

Si atoms at
¥ distance

Hence the formation energy of the vacancy reads as follows:
(1.2.2)

EFV = E ( N - 1) + E (1) - E ( N )

whereas E(N) is the ground state energy of the perfect crystal bulk, E(N – 1) is the ground
state energy of a periodic system of monovacancies and E(1) is the energy of a Si atom inside
the Si bulk (the cohesion energy). In particular,

E (1) =

(1.2.3)

E(N)
N

which inserted into (1.2.2) leads to
(1.2.4)

EFV ( N ) = E ( N - 1) -

N -1
E(N)
N

One observes that E VF ( N ) depends on the cell size (N), hence, needing a value almost
independent on N one performs calculations for increasing values of N (convergence test).
When the unit cell is big enough meaning the vacancies are well separated such that they will
not interact the convergence is achieved and the N value for which the convergence is
achieved is the convenient value for the study of the vacancy. Analogously one can write the
formation energy of an interstitial
(1.2.5)

EFI ( N ) = E ( N + 1) -

N +1
E(N )
N

or in that of a hydrogen atom in the Si lattice:
(1.2.6)

EFH ( N ) = E H ( N ) - E ( N ) - EH free

whereas EH(N) is the ground state energy of a periodic system containing one hydrogen atom
in a Si lattice site and EH free is the energy of an isolated free hydrogen atom in the exterior of
the bulk. In particular, the formation energy of a hydrogen atom in silicon lattice bears a special name: hydrogen solution energy or hydrogen insertion energy.
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In the case of the charged vacancies (or interstitials) the formation energy is written
simply by introducing into (1.2.4) the cost of adding or removing the q (the charge of the defect) electrons from the unit supercell. This term is the product between q and the Fermi energy (EFermi), hence:
EFV ( N , q ) = E ( N - 1, q ) -

(1.2.7)

N -1
E ( N ) + qE Fermi
N

Similar formation energies that could be defined likewise are the reduced formation
energies such as the formation energy per hydrogen atom of hydrogen diatomic structures or
the formation energy per vacancy/interstitial of vacancy/interstitial clusters. Furthermore one
can define binding energies such as the binding energy of a hydrogen atom inside a hydrogen
containing defects (e.g. hydrogenated vacancy), binding energy of a vacancy/interstitial inside
a cluster.

2.2 Hydrogen Atoms in Silicon
The atomic hydrogen might be located in the Si lattice in the sites that are showed in
Figure 10 aligned along the [111] direction. These sites are high-symmetry centres in the diamond-like lattice and the stability or the metastability of hydrogen sites in these respective
sites has been investigated by both experimental (see the previous section) and computational
techniques.

Figure 10 The position of various interstitial sites with respect to the [111] axis.

The sites in Figure 10 are: the bond-centre (BC) site – the midpoint of a Si-Si bond;
the anti-bonding (AB) site – the mirror point of the BC-site with respect to one Si atom of the
bond; the tetrahedral (T) site - the mirror point of one Si atom with respect to the nearest
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neighbour Si atom; the C-site – the midpoint between the 2nd order neighbour Si atoms; the
M-site – the midpoint between nearest neighbour C-sites and finally; the high-symmetry hexagonal (Hex) site – the midpoint to the next nearest neighbour C-sites. These sites were also
relevant for the study of diatomic structures that could be complex structures composed by
two atoms in some of these above-mentioned sites (AB, BC and T) or interstitial molecules in
the T or Hex sites.
Indeed, calculations as well as the µSR technique show that for both neutral (H0)
160, 162, 163

159,

and positive hydrogen (H+)160, 164 atoms the most stable site is the BC site. For the

negative hydrogen (H-) most of the authors report that T site is the best stability site while a
small minority claims that the AB site configuration is more stable103, 160, 164, 165. The AB and
T sites are very close in the [111] direction and the relative energies of hydrogen in these sites
are not dramatically different, hence these differences should be related to the numerical implantation of the electronic structure calculation theories in the codes. For example, Chang
and Chadi132 explain the difference on the global minima of charged states of hydrogen due
to their matrix diagonalization method.

2.2.1 Stability
Now we shall discuss the stability of neutral and charged species, presenting the energies of these configuration and the lattice relaxation around these defects.

2.2.1.1 Neutral and Positive Hydrogen in BC site
When neutral hydrogen arrives at a bond-centre (BC), a three-centre bond is formed
together with the neighboring silicon atoms. The distance between the neighboring silicon
increases to a value close to 1.63 Å132, 160, 166 because these two atoms are moving away relaxing by approximately 30-34%, which means in absolute value a relaxation of ~ 0.4 Å and a
net energy gain of 1.73 eV160. The distortion of the Si-Si bond affects the stability of H0 in
this site: the formation energy of H0(BC) decreases by 0.2 eV/0.1 Å up to 2.5 eV167.
The energy levels corresponding to H0(BC) has been found to be deep in the valence
band (the level arising from the bonding of H-s orbital and Si-sp3 orbital132 and in the upper
part of the gap being identified as a state formed out of an antibonding combination of the
broken bonds of the next nearest (NN) Si atoms159.
Overevaluated initially164 with respect to the experimental value of 1.0 eV129, the solution energy of H0 has been correctly predicted to be 1.1 eV132 or 1.05 eV167-170 by DFT-LDA
plane wave calculations.
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The positive hydrogen considered as a bare proton initially (H+) is obviously seeking
the region with high electron charge, which is, in the case of the covalent semiconductors, in
the bond-centre159. In the case of H+ the distance Si-H is slightly smaller (1.59 Å) than in the
case of H0 in BC, in both cases the displacement being ~0.4 Å159, 160, 171, the energy gain of the
Si atoms displacement being 1.55 eV160. The energy of H+(BC) is depending on the doping
type of Si as follows: in the p-type semiconductor the H+(BC) energy is -1.85 eV, while in the
n-type semiconductor the energy -0.71 eV 132 with respect to free H atom.
The H+ donor level is 0.45 eV below the conduction band maximum level (CBM)137.
However, Van de Walle et al.159, 160 argue either or not H+ occurs like a bare proton and claim
in fact, that the missing charge being taken from the neighbouring Si atoms, a new state is
induced in the gap. In a simplified picture of neighbouring Si atoms, this state can be considered formed out of an antibonding combination of Si orbitals. Therefore instead of considering a bare proton as H+(BC), a better picture would be a positively charged state of the Si-HSi complex.

2.2.1.2 Negative Hydrogen
In the beginning, the T site was supposed to be the main location of neutral hydrogen
given the favourable volume conditions124. However this was inconsistent with the IR spectra
showing that H is bonded to Si and with the early EPR measurements failing to show the existence of a paramagnetic H.
The T site is situated in a low electron charge density region160 and the H potential at
this site is therefore the negative hydrogen H- prefers to occupy that site of minimum energy
within the n-type Si159 without any important relaxation of the surrounding Si atoms, the energy gain being around 0.2 eV160. Inspecting the PES for H-160 one observes that T-site is the
stable point for this species both locally and globally. This level is mostly related to the s orbital of the hydrogen atom, because the bonding with the neighboring atoms is relatively
weak132.

2.2.1.3 Hydrogen Atom – a Negative U Impurity
The most important feature of interstitial hydrogen in silicon is its amphoteric character meaning that it assumes different charge states as it is has been shown by some early extensive DFT calculations160. The feature is very general being also encountered in the case of
other semiconductors or semiconducting structures. This is a quite recent conclusion with
respect to the time interval in which research on the topic has been developed.
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In order to form charged impurities, one needs to shed (for positive interstitials) or to
accept (for negative ones) an electron to/from an electron reservoir having in fact, the chemical potential equal to the Fermi. Therefore, the stability of the charged state in various configurations depends on the position of Fermi level in the gap.
The fact that only charge states of hydrogen coexist in silicon (in equal proportions at
low temperature) shows a sort of “attraction” between the electrons preferring to be distributed on one fraction of hydrogen atoms, leaving the other one positively charged. This phenomenon is known as “negative-U” behaviour. The U label comes from the coupling constant of
the Hubbard model that explains the coupling of electrons in electron pairs. If U is positive
then the electrons are rejecting each-other (repulsive interaction of Coulombian type) and if U
is negative then the electron are attracting each-other (forming the superconductor Cooper
pairs). The U constant depends on the acceptor and donor levels introduced in the gap by the
charged impurities. Thermodynamically, the hydrogen affinity for charged states means that
the following process:

2H 0 ® H + + H -

(1.2.8)

is exothermic. Moreover all calculations failed to report a value of U that is in good agreement with the experimental results.

2.2.2 Migration processes
Several migration paths involving different saddle points have been proposed as reliable description of the elementary hydrogen migration process in silicon. Actually the barrier is
not evaluated as such, but by probing the energy landscapes at the high symmetry points we
have described in detail previously. The energy of the migration barriers is evaluated as the
difference between the energy of hydrogen situated to the metastabilty points, hence, these
quantities are not the migration energies, but relative energies.
Thus the migration energies are under-evaluated by DFT planewave calculations, but
they are correctly evaluated by tight binding molecular dynamics. The migration of hydrogen
atoms is the dominant hydrogen transport process, molecules being considered as immobile137,

163, 172

. Positive and neutral hydrogen atom migration path is passing through low

charge density channels, while the negative hydrogen migration paths involve high charge
density channels.
There are several attempts to describe quantitatively through migration or activation
energy the hydrogen diffusion through local migration from site to site (see Table 3). A rather,
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complicated, but very detailed migration mechanism between two BC sites, involving DBs, is
explained by Tuttle et al.177
Table 3 Migration and activation energies for the hydrogen atoms diffusion
Species

Energy (eV)

H
H
H
H0
H0
H0
H0
H0
H0
H0
H0
H0
H0
H+
H+
HHHH-

EA = 0.84
EA ~ 1.0
EA = 0.70
EA = 0.1 – 0.3
EM = 0.32
EA = 0.05
EA = 0.32
EM = 0.4
EM = 2.0
EM = 0.20
EM = 0.8 – 1.6 eV
EM = 0.4 eV
EM = 0.2 – 0.4 eV
EM = 0.2 – 0.5 eV
EM = 0.2 eV
EM = 0.3 eV
EM = 0.25 eV
EM = 0.8 eV
EM = 0.2 eV

Mechanism/
Saddle points

References
164
163
173
174

BC – AB
Hex
C
AB – AB
BC – T
BC – C
T–T
T–T
T–H–T
BC – BC
BC – M
T–H–T
T–H–T
BC – C
BC – C – M

164
175
175
164, 173
166
160
166
176

132
160
160
159
160
132
132

2.3 Diatomic Structures
Hydrogen clusters (Hn, n ≥ 2) may occur in the crystalline silicon. Although more
complicated clusters (n > 2) are not excluded, the energy per H atom is lower than in a H2
molecule by values ranging from 1 to 2 eV depending on the calculation method129, 159, 178, 179.
The hydrogen diatomic structures in silicon fall into two categories:
1.

Interstitial molecules (H2 in the T or Hex sites);

2.

Diatomic complexes (combinations of close atoms in AB, BC and T sites, some of

them being represented in Figure 11).
The diatomic complexes structures generally labelled H2 * that have been investigated
in the literature are HABHBC, HBCHT and HBCHBC. From all these structures the most stable is
the HABHBC complex.
The formation energy per H atom of the H2(T) interstitial is 1.92 eV bellow the free H
atom state167. The calculated binding energy is 2.31 eV per H atom 170, very close to the experimental value (2.26 eV). By ab initio MD simulations156, it has been showed that at temperatures higher than 200 °C, the molecular form H2(T) decomposes into interstitial H atoms
by interaction with the radiation damage: this explains the anomalous vacancy enhanced hy54

drogen diffusivity of hydrogen molecules180, 181. In their attempt to find out diffusion paths for
H2 molecule, Deak et al.164 calculate the energy of a H2 molecule in a hexagonal site. The
energy difference between H2 (T) and H2(Hex) is reported by two groups: 0.56 eV164 and 1.1
eV167.

Figure 11 Various diatomic hydrogen configurations: (a) H molecule at T site; (b) second NN H(BC); (c)
off-bond centre sites; (d) H(BC)-Si-H(T) along the [111] axis.

The formation energy of the HABHBC complex is evaluated to be 1.65 eV below the
free H atom state169, slightly (0.27 eV) less stable than the interstitial H2(T). Studying a wider
class of H2 * complexes, Jackson and Zhang182 report that this pair is bound by 1.2 eV by H
pair relative to separated H(BC) atoms and only 0.3 eV higher in energy than H2(T). This
complex dissociates under the influence of charge carriers with a barrier of roughly 0.9 eV
and 1.1 eV for p- and n- type Si, respectively.
The HBCHT complex formed by one hydrogen in BC site while the other one is on T
site was firstly proposed by Chang and Chadi132 as being oriented along [111] axis. It was
supposed that both of hydrogen atoms were charged (with opposite charges) being responsible
about the donor and acceptor passivation. It has been found that the formation energy of this
complex is approximately 1.2 eV lower than that of two isolated neutral hydrogen atoms and
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also 1.15 eV lower compared to a combination of H+(BC) and H-(T), but 0.4 eV higher than
H2(T).
The HBCHBC complex composed by two H atoms in two neighbouring BC sites has
been proposed by Deak and Snyder171 and investigated extensively by Chang and Chadi132.
The later ones reported that this complex is 1.8 eV higher than the HBCHT.
The activation energy for the hydrogen molecule diffusion has been evaluated to 0.95
eV and to 2.7 eV175. The dissociation energy has been found to be 1.6 eV

183

. Chang and

Chadi132 report that the trapping of another H during H diffusion and the formation of H2(T)
configuration is increasing the activation energy of H diffusion by 0.9 eV.
The formation of diatomic hydrogen in silicon crystal is expected in analogy with the
vacuum where it is favoured over the atomic state. This hypothesis is in agreement to the low
temperature diffusivity, which is very low compared to the values obtained by the extrapolation of high temperature measurements. Two mechanisms that may lead to the formation of
hydrogen molecule may be
(1.2.9)

H 0 + H 0 ® H2

(1.2.10)

H + + H 0 ® H 2 + h+

whereas by h+ we have denoted the created holes. The second process may be also important
in p-type Si143. The molecule is oriented in the [110] direction and the atoms are separated by
0.86 Å (close to the value 0.85 Å obtained by Chang and Chadi132, 184) with a binding energy
of ~2±0.5 eV or ~1 eV/H atom in the case that the molecule is formed through the recombination of two free atoms160. This binding energy is almost one half with respect to the value obtained by Chang and Chadi132 (3.8 eV).

Figure 12 Vacancy configurations in Si185: (a) Td symmetry configuration and (b) D3d symmetry configuration185.

2.4 Selfdefects
Vacancies and interstitials are the two most common types of selfdefects in silicon.
This section is dedicated to the presentation of the results on the stability and the migration of
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vacancies and interstitials, hence the section is divided into three parts each one dedicated to a
type of selfdefects.

2.4.1 Vacancies
Silicon vacancies (Figure 12) are the typical defects studied with all the occasions
when new computational methods are implemented or when better approximation of the exchange-correlation between electrons are invented. Hence the silicon vacancy became the test
defect for all kinds of methods.
The vacancies, the simplest Si self-defects are charged and the distribution of their
charge leads to the modification of their symmetry (Jahn – Teller effect). If one host atom is
removed from the Si crystal, the four dangling bonds form an a1 and t2 states in Td symmetry.
However, the neighbouring atoms will tend to rebound in ways that make the defect less
symmetric, particularly in a covalently bonded crystal like silicon. If the atoms are forced to
maintain a Td symmetry, the four neighbours drag it toward the centre, pulling the rest of the
lattice with them. However, the ground state involves a Td→D2d symmetry-breaking relaxation explained in the early days of quantum chemistry by Jahn and Teller186. The Jahn-Teller
distortion of the neutral lattice vacancy in Si is now well established by experiment187and theory.188
We limit ourselves to stating that most of the recent values (refer to the paper of ElMellouhi et al.189 for a synoptic presentation of all recent results obtain via DFT calculations)
are varying around value of ~3.5 eV. First principles molecular dynamics (FPMD) allow190
the calculation of values that are close to the ab-initio ones and close to the experimental values. The experimental value of ~4.0 eV is obtained through various methods among which the
most recent one is the quenching method191. Positron lifetime experiments allowed also the
measurement of the formation enthalpy of the isolated vacancy (3.6 ± 0.2 eV)148.
Centoni et al.185 calculated the formation enthalpies and the formation volumes of
charged vacancies and interstitials in the configurations presented in Figure 13 since the
charged defects are expected to play an important role in doped silicon. Later on, Wright192
performed a detailed and extensive study on the formation energy of charged vacancies as a
function of charge, supercell dimension, the number of points sampling the Brillouin zone
within the Monkhorst-Pack scheme and as a function of the exchange-correlation functional
type (LDA, GGA) used within the DFT calculations. This study allowed to rigorously extrapolate the formation energies values obtained in finite supercell to the value for a vacancy in
the infinite supercell, that is the isolated vacancy. This rigorous study however does not bring
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dramatic change in the case of the values of the formation energy which are found to range
between 4.909 eV in the case of V2- and 3.414 eV in the case of V2+.
Refreshing the study on the vacancy formation energy, Wright and Wixom193 succeed
to compute the migration energies/enthalpies and to compare their values with the experimental ones. In general the computed values tend to be bellow the values obtained through
experiments. In order to explain the structural transformation by symmetry modification, Centoni et al.

185

argue that VB is the transition configuration for a vacancy to migrate from one

VL configuration to the next in Bourgoin type mechanism of thermal (electronically or optically activated) diffusion. Experiments have demonstrated that vacancies in n-type silicon can
diffuse at room temperature or even cryogenic temperature when subjected to optical or electronic excitation.
The results obtained through empirical potentials are depending on the potential type,
respectively on Stillinger-Weber194, 195 or on Tersoff 195 type potentials. In general the empirical potential calculated barriers are over-evaluated with respect to the DFT calculated ones the
latter being in good agreement with experimental values. However one knows that MD tend
to overestimate the barriers but a good compromise between the molecular dynamics and DFT
seems to be the molecular dynamics simulation with DFT potentials196.
Better agreement with the experimental data is claimed by the kinetic Monte-Carlo
type calculations197 alone or combined with ab-intio calculations198. In order to explain the
experimental results related to the contribution of the vacancy to self-diffusion, Caliste et
al.197 proposed a three regimes model of vacancy assisted migration in which the di-vacancy
is playing an important role. Relevant atomic scale insight regarding the migration assisted by
the divacancy is brought by the DFT-LDA calculations199 of migration barriers. It has been
shown that the migration of a divacancy can occur through the displacement of one of the
neighbouring Si atoms and or by the displacement of two neighbouring Si atoms. The barriers
of these mechanisms are 1.36 eV and 2.0 eV respectively. The energy gain by the decomposition of a bivacancy into two vacancies in (3rd order neighbouring sites) is 1.4 eV.

2.4.2 Multivacancies
Vacancy clusters are formed when silicon is irradiated for example by electrons58, 200202

, neutrons203, 204 or protons205, 206. Multi-vacancies structures are configurationally degener-

ate of which means that for the same number of vacancies several structures are possible. For
example: V4 has four inequivalent configurations, V5 has six inequivalent configurations, V6
has eighteen inequivalent configurations etc.
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The hexavacancies are trapping centres for all sorts of impurities so they are not excluded to be trapping centres for silicon self-interstitials. The configurations obtained by relaxing a hexavacancies in the presence of 1-3 interstitials, the so-called “fourfold coordinated
point defect” configuration have been studied by Makhov and Lewis207.
Akyiama and Oshiyama208performed plane wave (PW) generalised gradient approximation (GGA) density functional theory (DFT) calculations using 64 atoms supercells to
study the Vn (n ≤ 7) type clusters and 216 atoms supercells to study the Vn (n ≥ 8) type clusters, while for bigger clusters (Vn, n ≤ 36) they used 512 atoms supercells within the transferable tight-binding model209. They found that the n values for which the binding energy exhibit
minima are 6, 10, 14, 17, 22, 26 and 35.

2.4.3 Monointerstitials
Interstitials structures are more complicated than the vacancies since the silicon interstitials exhibit several configurations at different high symmetry sites:
a. the bond-centre interstitial (IBC);
b. the <100> split interstitial (Isp-Isp), called the dumbbell configuration;
c. the <110> split interstitial;
d. the hexagonal interstitial (IH);
e. the tetrahedral interstitial (IT);
f. the Cs interstitial.

Figure 13 Si self-interstitial configurations210.
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The bond-centred interstitial is created by breaking one of the Si-Si bonds and by
placing an additional atom in the centre, as shown (Figure 13) by the atom at (a/8,a/8,a/8)
bisecting a bond along the [111] direction, where a is the box length of a unit cell (5.427 Å).
In the dumbbell, or <100>-split interstitial, one Si atom of the perfect crystal located at
(a/2,a/2,0) is replaced by two Si atoms at ([1/2±√3/8]a, 0, 0). In the <110>-split interstitial
the two replacement atoms are at ([1/2±0.169]a, [1/2±0.169]a,0) instead of the origin. Tetrahedral-site and hexagonal-site interstitials are located at (a/2,a/2,a/2) and (3a/8,3a/8,5a/8),
respectively. These positions are low charge-density regions in the Si crystal. Finally in the
case of the Cs interstitial site the atom was placed on a mirror plane, at (3a/8,-3a/8,-3a/8), so
that the structure has Cs symmetry.
Supplementary to the interstitials listed above, Munro and Wales211 are reporting another split interstitial oriented along the <10 3 3> direction and they call it A-type interstitial.
The formation energy of such defect is 6.106 eV.
Interstitials migrate through a Bourgoin-Corbett mechanism of electrically, rather than
thermally, activated diffusion which is observed experimentally at cryogenic temperatures
during electron irradiation of intrinsic Si. One of the implications of this is that annealing after
ion implantation should be significantly faster in n-type silicon than in p-type.
The proposed path of the mechanism of interstitials migration is passing through saddle point configurations. High-symmetry interstitial geometries can be saddle points for interstitial migration. In particular, the hexagonal interstitial is usually assumed to be the migration
intermediary point for interstitial diffusion between two tetrahedral configurations.
Initial investigations of self-interstitial migration involved firstly empirical molecular
dynamics calculations of barriers between these saddle points212-214. What was called ab-initio
calculated migration energies were in fact, like in the case of hydrogen, energy differences
between configurational energies215-217. Though not allowing getting real barriers, these calculations showed that interstitials exhibit different charges in different saddle point configurations, otherwise said, during its migration the interstitials exchange charge with the host lattice. This is actually a confirmation of a Burgoin-Corbett mechanism for interstitial migration.
Most of recent DFT calculations show that the migration of interstitial is controlled by low
energy barriers varying from 0.03 eV to maximul 0.5 eV218.
The vacancy and interstitial migration processes are correlated. Through TBMD calculations Tang et al.219 and later on Munro and Wales211 showed that selfdiffusion is dominated
by vacancies (V) at low temperature and by interstitials (I) at high temperature. Moreover
interstitial-vacancy recombination at room temperature leads to formation of a metastable I-V
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complex having a binding energy of 4.3 eV and an annihilation energy barrier of 1.1 eV suggesting that it cannot dissociate at typical annealing temperatures. Frenkel pairs tend to form
and to disappear during the thermal diffusion. First-principles calculations220 show that when
such defects occur the total charge and the separation distance between the vacancy and the
interstitial within a Frenkel-pair are the two parameters controlling the self-diffusion. The
Frenkel pair recombinations are dependent on the presence of other heterogenous impurities
in the lattice, and early results show an enhancement (by recombination barrier lowering) of
the recombination processes in the presence of hydrogen221.
Moreover the tensile stress is influencing the self-migration. More exactly for different
tensile ranges, different self-diffusion mechanisms are predominant194. The stress is of particular importante in the case of interstitial driven diffusion. Under axial stress interstitials tend
to cluster into di-interstitials222-225 or tri-interstitials223, 225 that become migrating species leading to the formation of greater In cluster (n ≤ 20) whose stability is also stress dependent226-228
or regulated by entropy contribution229, 230. These clusters are nucleation centres for the extended {311} defects231, 232. The field of interstitial related defects is growing and their study
raise important methodological issues233, 234.

2.5 Hydrogenated Vacancies
As explained before experimental data indicate that hydrogen tends to associate with
vacancies. Computational results confirm this fact and they allow calculating the strong binding of hydrogen atoms to mono and multi-vacancies. The energy gain upon hydrogen insertion into vacancies is due to the saturation by an hydrogen atom of a silicon dangling bond.

2.5.1 Hydrogen binding and vacancies
Numerous156, 157, 159, 160, 168-170, 177, 208, 235, 236 calculations exist in literature and the reported results can be classified according to
1. The number of vacancies contained into the defect (single155-157, 159, 160, 168-170, 177, 235-237
or multi- vacancies208);
2. The number of hydrogen atoms inside a vacancy cluster. For instance, considering a
cluster containing n vacancies it can range from one hydrogen (e.g. first saturation of
a dangling bond within the cluster, VnH1) to the complete saturation of all dangling
bonds: VnH2n+2;
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3. The initial state of hydrogen (atomic235 or diatomic states155-157, 237). This amounts only to a shift in the binding energy.
Very early it was confirmed by computational means235 that the full saturation of
monovacancy dangling bonds by hydrogen atoms is an energy gaining process. Hence the
energy gain of processes of the type
VH n -1 + H free ® VH n

(1.2.11)

has been evaluated to be between 3.0 – 3.5 eV depending on n. The formation of VHn through
successive addition of hydrogen atoms was considered just as a model to show the stability of
VH4 with respect to its less hydrogenated counterparts.
The formation mechanisms of VHn being of less importance the authors focused the
attention towards three main topics:
1. the isolation of a dangling bond within VHn (the works of van de Walle and his collaborators159, 160, 167-170, 177, 236, 238)
2. the interactions between the diatomic structures and self-interstitials, within a context
of irradiation damage evolution (essentially the works of Estreicher and co-authors155157, 239-244

).

3. later works were trying to determine the dependence of the binding energy on the vacancy cluster size156 208.
The energy per hydrogen atom of a H atom bounded at an isolated dangling bonds
(DB) with respect to a free H atom is -2.17 eV. Since the computational means do not allow
isolated DBs in vacancy clusters containing more than one vacancy, this value represents the
energy gain of the last hydrogenation step of a vacancy:
(1.2.12)

VH 3 + H free ® VH 4

The selfdefects capture the hydrogen diatomic species, the energy gain being, in the
case of H2 molecules157 :
(1.2.13)

V + H 2 ® VH 2 + 4.0 eV

One of the models for the Frenkel pairs production was proposed via the involvement
of molecules. Hydrogen molecules formation was proposed as a cause for Frenkel pair production, but the energy between an isolated molecule and a VIH2 type complex was found to
be to high, while the energy gain of the process:
(1.2.14)

H 2 + H 2 ® VH 4 + I
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was found to be 0.06 eV only. The decomposition of H2 by a vacancy or interstitial:
V ( I ) + H2 ® V ( I ) H + H

(1.2.15)

was invalidated by further calculations. Hence the only possible interaction between selfdefects and H with an essential energy gain is of (1.2.12) and (1.2.13) type. However the barrier of such process was not estimated.
Estreicher et al.156 calculated the binding energy of a hydrogen atom within a multivacancy cluster. The energy gain when a hydrogen atom is captured within a Vn type cluster is
varying between 3.0 and 3.5 eV with respect to the neutral HBC, the smallest value being that
of an atom bounded in the smallest vacancy cluster. This energy gain is due to the formation
of a strong Si-H bound and due to the relaxation of the atoms around this vacancy cluster.
Akyiama and Oshiyama208studied the hydrogen molecules within the fully saturated
multivacancies. H2 molecule located in a fully unsaturated multivacancy may be unstable.
This leads to its decomposition into two atoms that are saturating two dangling bonds of the
multivacancy:
H 2 + Vn ® Vn H 2

(1.2.16)

The calculated energy gains in the case of the above reaction for n = 6, 10 are 1.07, eV
and 0.99 eV respectively. In V2 the H2 molecule is not stable and it is spontaneously dissociating leading to the formation of V2H2.

2.5.2 Over-saturation
Over-saturation beyond the VnH2n+2 structure is sometimes considered208, 245, 246. In this
class of calculations one may distinguish:
1.

Calculations contemplating the dissociation of a fully saturated vacancy cluster
Vn H 2 n +2 + H 2 ® Vn -1 H 2 n + VH 4

(1.2.17)

The decomposition of the over-saturated clusters is suggested to be the mechanism of
platelets nucleation.
2.

Calculations contemplating the insertion of hydrogen molecules in the empty

space of larger fully saturated vacancy clusters.
Zhang et al.245 proposed a supersaturation of already saturated multi-vacancies by capturing new hydrogen atoms in the electrically inactive sites. The supersaturating process can
be written formally as follows:
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Vn H 2 n + 2 + 2 H ® VH 4 + Vn -1 H 2 n

(1.2.18)

For example V2H6 is split into two VH4 in the presence of 2H, which is a proposed
mechanism for the nucleation of “platelets”. Based on observations by Raman spectroscopy of
the hydrogen molecule inside the multivacancy clusters246, one may conclude that the molecules can be the source of hydrogen atoms that will fully saturate the dangling bonds within
multi-vacancies:
mH 2 + Vn ® Vn H 2 m

(1.2.19)

The energy gain of hydrogen recombination with vacancies is calculated with respect
to the most stable molecular form H2, which is the interstitial molecule in T site. Fully saturated hydrogenated vacancies can accommodate H2:
H 2 + Vn H 2 m ® Vn H 2 m+ 2

(1.2.20)

One observes that the saturation of the vacancies by successively addition of hydrogen
leads to significant energy gain. The energy gain per added hydrogen molecule is monotonically increasing from 2.13 to 2.45 eV. The energy gain by placing a H2 inside a fully saturated multi-vacancy with respect to the isolated H2 in T molecule is increasing monotonically
faster from 0.15 eV to 1.12 eV.

Figure 14 IHn complexes modelled in the primitive cell247.
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2.6 Hydrogenated Interstitials
Vacancy-hydrogen complexes are better understood than self-interstitial–hydrogen
ones, except for the IH2 complexes, which has been detected by infrared absorption spectroscopy and predicted theoretically. Two recent papers247, 248 are calculating the stability of IHn
type defects. Two main aspects can be summarized from these papers. The first is that the IHn
structures are difficult to generate and the result of the relaxation of identical initial structures
is depending on the employed method. Secondly, both papers agree on the stable IH2 structure
compared to its corresponding structures in the IHn family.
Though both calculations agree when it comes to low hydrogenated interstitial-related
centres, they disagree in the case of higher hydrogenated complexes. Gharaibeh et al.247 propose the following denoted IHn complexes as {I,Hn}: (x)-(y)-… . Their notation means that
the hydrogen atoms are not bounded to only one Si atom in the lattice, but they may bound to
up to three Si atoms: (x) being the number of atoms bounded to one Si atom involved in the
defect centre, (y) to the second Si atom and so on. The two papers agree in establishing the
stability order of the low hydrogenated structures, the stability being (first structure is more
stable than the next one):

{I , H 2 } : (1) - (1) > { I , H 2 } : ( 2 ) > {I , H } : (1)

(1.2.21)

(a)

(b)

(c)

(e)

(d)

(f)

Figure 15 Structures of hydrogenated Si(100) internal sufraces: (a) monohydride surface [2Si-H]n; (b)
monohydride surface and H2 molecule [2Si-H + H2]n; (c) [H2*]nD model; (d) half-stacking fault; (e) symmetric dihydride; (f) canted dihydride252, 253.
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with a good agreement in the energy differences. The next in the order of stability would be a
{I,H4} complex, however the two papers disagree on the structure of such a complex. Another
disagreements concern the stability of {I,H3} structures. One may conclude hence that hydrogenated complexes is still an open problem in the case of {I,Hn} complexes (n ≥ 3), while the
problem of {Im,Hn} defects detected by FTIR was not yet approached in detail

2.7 Platelets
The platelets are the last type of defects discussed in this chapter and the discussion
involves two important aspects: the platelets structure and the platelets formation. These two
aspects are the topics of the two parts of this sub-section. The number of studies regarding the
platelet models and their formation mechanism is relatively small. This is explained by the
fact that such type of investigations require an important number of numerical resources and a
sum of missing facts regarding the platelets occurrence that were not available until recently.

2.7.1 Platelets Structure
Zhang et al.249 proposed a model for the (111) type platelets through the nucleation of
H2*, the first step being the formation of H2 * pairs denoted as (H2*)D. The energy per hydrogen
atom of this complex is less than the energy of a single hydrogen dimmer. The energy decreases further when H2 * dimmers are added until the internal two layers surfaces of H2 * are
created250. The formation energy per hydrogen atom decreases with the dilatation of the lattice
up to ~3 Å in good agreement with the experimental value251. When the aggregates reach a
certain dimension the internal surface of the type (Si-H)n created in this way is coupled with
the creation of molecular H2. The molecules establish a certain distance of equilibrium between the two planes.
Martsinovich et al.252-254 investigate various structures of platelets (Figure 15). The
outcomes of their studies were
1. a stacking defect created from (H2 *)D is more stable than the two layer of H2 * type platelet.
2. the stacking defect (Si-H)n increases to (2Si-H+H2)n when more hydrogen is added to this
structure.
3. 1x1 reconstructed (canted) dihydride-terminated structure has the lowest formation energy
per hydrogen atom.
a. The energy is lower when a layer of Si atoms is removed, creating a layer of hydrogenated vacancies.
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b. Addition of H2 molecules to platelets is possible and makes the formation energies of
platelets lower.
Within the fully-relaxed calculations there is not a specific structural preference between the (111) and (100) platelets, hence the greater stability of (111) proven experimentally
is not determined by a thermodynamic energetic stability but by the axial stress (see §1.5).

2.7.2 Platelets Formation Models
Reboredo is the first who proposed a platelet formation mechanism that involves
VH4255. This model involves the creation of a hydrogenated Frenkel pair of the type VIH2
with the help of H2. When a second H2 arrives nearby this complex the interstitial is definitively expelled and VH4 is created. Furthermore molecules can add to VH4 leading to the
creation of more stable hydrogenated multi-vacancies by the expulsion of an interstitial and
the saturation of thus created dangling bonds by the hydrogen atoms of the molecule:
(1.2.22)

VH 4 + H 2 + 2.5 eV ® V2 H 6 + I

(1.2.23)

V2 H 6 + H 2 + 2.5 eV ® V3 H 8 + I K

This kind of reaction chain is compatible to the formation of a platelet since such a
chain involves the creation of three-dimensional multivacancy complexes and due to the high
energy necessary to expel an interstitial.
Another reaction that will not suppose the expulsion of an interstitial during each step
would be:
(1.2.24)

V2 H 6 + H 2 « VH 4 Ä VH 4 + 0.1 eV

The structure VH 4 Ä VH 4 is composed of two second nearest neighbours VH4 complexes. This type of reaction is reversible and the energy gain show that the formation of the
VH 4 Ä VH 4 complex is more favourable than the creation of a VH4 complex directly. The
repetition of (1.2.22) and (1.2.24) type reactions can lead to the formation of VH 4 Ä VH 4 type
defects in (100) and (111) planes:
(1.2.25)

VH 4 Ä VH 4 + H 2 + 2.4 eV ® VH 4 Ä V2 H 6 + I

(1.2.26)

VH 4 Ä V2 H 6 + H 2 ® [3VH 4 Ä ] + 0.1 eV

The VH4 formation energy as a function of the separation between the created surfaces, calculated by Reboredo et al.255 shows that the agglomeration of VH4 complexes leads to
an energy gain for both (111) and (100) surfaces, with a greater gain in the latter case of (100)
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substrate. The association of VH4 outside of (111) and (100) surfaces does not lead to energy
gain, a fact that may confirm this type of creation mechanism.
We have seen that H2 molecules appear during the thermal treatment within the created microcavities by the participation of hydrogen atoms trapped at these internal surfaces256 in
parallel with the (2x1) surface reconstruction. It is expected that this reconstruction will happen in the case of [ nVH 4 Ä] complexes.
The hexavacancy (V6) is considered unstable in any other configuration than the hexagonal ring257, some other authors258 including the hexavacancy in the list of possible precursors of nano-cavities.

2.8 Summary of Computational Results
The theoretical results presented in this section can be summarised as follows:
1. Hydrogen atoms are charged. The positive hydrogen atoms are situated in the BC site.
Some others consider that the negative hydrogen ions position is the AB site while others
imply that H- is in the T site.
2. Hydrogen dimers are more stable with respect to the hydrogen atoms. The most stable
among dimmer species is the H2 in the T site, which is rotating quasi-freely due to quantum-mechanical effects determined by the spin-coupling with the host lattice. The H2 * is
the second stable dimer.
3. Si self-defects are the “typical” defects that are checked when new computational material
science methods are developed. The hydrogenated vacancies are scarcely approached,
while their charged states are almost never discussed.
4. The values of the neutral vacancy formation energy range between 2.2 eV and 4.5 eV depending on the method that has been used to calculate them. The migration energy of vacancies depends on the charge and ranges between 0.08 – 0.40 eV, the negatively charged
vacancies being faster than their positive counterparts.
5. The interstitials have different structures (BC, Hex, dumbbell, T etc.) and their formation
energy depend on their structure. This energy calculated by various methods is ranging
between 3.5 – 5.0 eV. The interstitial migration energy is less than 0.4 eV.
6. Multivacancy defects formation energy calculated per vacancy is lower than that of an
isolated vacancy. Three dimensional configurations are widely studied and it is been
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shown that minima for this formation energy are obtained when the multivacancy defect is
containing a so-called “magic number” of vacancies.
7. Hydrogenation of vacancies leads to the stabilization of these latter defects. However the
results on these defects are scarce and imprecise.
8. Hydrogen only platelets are ruled-out being unstable. The creation of dangling bonds by
Si atoms removal in the (100) plane that are saturated by hydrogen atoms leads to stable
structures. Hydrogen molecules decrease further the energy of such structures.

3. Open Questions
The bibliographical survey of both experimental and computational data allowed the
construction of an overview related to the existing knowledge about the hydrogen implantation related defects. However, some questions remain open for further research:
1.

Though, the silicon is the typical semiconductor, there was no unified vision on the
charge issue of hydrogen related point defects since some authors are addressing this
issue while other not. Only simple defects such as hydrogen atoms, vacancies and interstitials are considered to be charged, while the complexes they form together are
considered to be neutral in theoretical papers, though the experiments show the existence of complex defects that are charged.

2.

The Femi level influence on the stability of hydrogen related defects an issue that is
strongly related to the charge issue, is scarcely and vaguely discussed. We do know
that many of these defects are negative-U of defects, but we have (unsatisfactory) results only on hydrogen.

3.

There are no calculated kinetic properties of charged hydrogen related defects in silicon, except the case of the vacancies and interstitials. We have an hypothesis stating
that hydrogen migrating species are the atoms but this hypothesis is not confirmed.
These migrating species are charged or not? If the hypothesis of migrating H atoms is
confirmed then what is the role of molecules? Do they decompose and how?

4.

Most theoretical studies on extended clusters of defects concern tri-dimensional aspects (voids, bubbles), while there are no indications on the properties of bidimensional (planar) defects: multivacancies, hydrogenated multivacancies, that would be give a
better idea on the thermodynamic stability of bidimensional defects development.

5.

Though the platelets localization within the lattice has been described by the TEM
micrographs, we do not know their precise atomic structure. This would allow imply69

ing how they are formed, since computational results on platelets structure are poor,
not reliable, and contradictory.
6.

Moreover the platelet formation depends on the history of the sample, on how hydrogen is inserted in the sample. More exactly we know that more platelets are formed
when more hydrogen is introduced into the lattice, but we do not know how they form
and if their formation depends on the damage.

7.

Different defects are addressed to various extents in different papers, by different authors with different methods, so it is difficult to compare these results because they
have different error bars. If all possible defects would be addressed in the same formalism and with the same tool then the comparison would be easier.

Our present study will attempt to answer to some of these questions in the next chapters.
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Chapter 2 Computational Methods for Total Energy Calculations
In order to address the questions raised at the end of the previous chapter, we have
used a computational method as an investigation instruments for the total energy calculations:
the density functional theory (DFT). DFT was employed for studying the stability of defects,
the migration and recombination barriers.
Crystalline solids are viewed as quantum systems composed by electrons and nuclei.
In order to find the total ground energy of such a system, one has to solve the associated
Schrödinger equation:

µY = E Y
H

(2.0.1)

µ is the total energy operator, Ψ is a state function that describes completely the
whereas H
solid system and the E is the energy we are looking for.

1. Atomic Scale Computations
Solving ab initio the Schrödinger equation means finding a solution (wavefunction
and the eigenvalue – energy) based only on the chemical structure of the system and on the
initial positions of electrons and nuclei.

1.1 Hamiltonian of the Problem
Let us see then how the problem is stated by analysing the total Hamiltonian of the
system:
(2.1.1)

µ=H
µ k ,n + H
µ k ,e + H
µ p ,n - n + H
µ p ,e - e + H
µ p ,n - e + H
µ ext
H

whereas the first index is corresponding to the type of energy: kinetic (k) or potential (p),
while the second index is corresponding to the particles to which the respective term is referring to: nuclei (n) or electrons (e). More exactly we have: the kinetic energy of the nuclei
µ k ,n ), the kinetic energy of electrons ( H
µ k ,e ), the potential energy of the Coulombian interac(H
µ p ,n - n ), the potential energy of the Coulombian interaction between
tion between nuclei ( H
µ p ,e -e ), the potential energy of the Coulombian interaction between nuclei and
electrons ( H
µ p ,n -e ). The last term is the coupling term between the system and the external
electrons ( H

field (if present).
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In the case of a finite system composed by X nuclei of mass Mi (i = 1, …, X), of
charge +Zie, whose position is indicated by the position vectors Ri and Y electrons of mass m,
and charge –e described by a position vector rα (α = 1, …, Y) and placed in an external field ,
the Hamiltonian is written explicitly as follows:
µ =-h
H
2

2

(2.1.2)
+

å
i

D Ri

h2
M i 2m

å

1
e2
2 a ¹ b 4pe 0 ra - rb

å
a

å
i ,a

1
D ra +
2

å 4pe
i¹ j

Zi Z j e2
0

Ri - R j

+

Z i e2
µ e ,ext + H
µ n ,ext
+H
4pe 0 R i - ra

The last two terms correspond to the interaction between the external field and the system particles, electrons and nuclei, respectively. Up to this moment we made no approximation but we tried to present the Hamiltonian of the problem in a very explicit way. The Schrödinger equation with full Hamiltonian has no exact solution for a system with more than one
nucleus and two electrons. Therefore further approximations are necessary to make the problem tractable.

1.2 Adiabatic Approximation
The first approximation is the so-called adiabatic approximation. This approximation
consists in separating the rapidly evolving variables (the electron positions) from the slowly
evolving ones (the nuclei positions). Since the electrons have a negligible mass with respect to
that of the nuclei, their ground state is stable for a finite time period with respect for a given
configuration of nuclei (R). This approximation allows writing the total wavefunction as:
Y = Y n ( R ) Y e ( R, r )

(2.1.3)

Within this approximation the positions of the nuclei are considered permanently fixed
(they are treated as classical particles), hence their kinetic energy is always zero which allows
us to remove the first term from the total exact Hamiltonian. This one can be written as a sum
of separate Hamiltonians:
µ=H
µn + H
µe
H

(2.1.4)

Next we shall focus on the electron Hamiltonian.

1.3 Electron Correlation
The electron Hamiltonians can be written as a sum of one-electron Hamiltonians ( h$ a )
and a sum two electrons Hamiltonians ( h$ a , b ):
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µe =
H

(2.1.5)

å h$

a

+

a

1
2

å h$

a ,b

a ,b

The coupling with the external field is included in the one-electron Hamiltonian. The
separation of the electron Hamiltonian into two terms: the mono-electronic term and the twoelectronic term is revealing the main issue of the total energy calculations – the electron correlation. Hence the problem of the electrons in a crystalline lattice is reduced to the case of interacting inhomogenous gas in an external field.
Early methods such Hartree and Hartree-Fock focused on finding out a good approximation of Ψe based on this separation. Within these methods the electronic wavefunction is
written as a product of mono-electronic wavefunctions (orbitals) or as a Slater determinant (a
sum of products of mono-electronic orbitals).

2. Density Functional Theory
The Hartree and Hartree-Fock methods are fastidious and computationally expensive.
A total change of approach is the Density Functional Theory which is for the moment the best
compromise between the results accuracy and the computation time.

2.1 Dealing with density
The DFT is based on two theorems stated by Hohenberg and Kohn (HK)1 and extended by Kohn and Scham (KS)2. HK stated that the ground state energy of an interacting inhomogeneous electrons gas in a static potential can be written as a functional of gas density,
ρ(r):

ò

E [ r ] = v ( r ) r ( r ) d 3r +

(2.2.1)

1
2

òò

r ( r ) r ( r¢ )
r - r¢

d 3rd 3 r¢ + T [ r ] + Exc [ r ]

the first term is the energy contribution from electron interactions with a field v(r), the second term is called Hartree energy, the third term T[ρ] is the kinetic energy and by definition,
Exc[ρ] is the exchange and correlation energy of the interacting system which is unknown.
The second Hohenberg-Kohn theorem states that E[ρ] is a minimum for the correct electron
density.

2.2 Practical Implementation Kohn-Sham
Kohn and Sham2 prove that the interacting electron problem can be reduced to a problem of non-interacting electrons by introducing the monoelectronic wavefunctions as follows
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N


r i 
r

(2.2.2)

2

i 1

They proved that the electrons in the non-interacting gas are submitted to an effective
external potential given by
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For each electron in the system one can write a one-electron Schrödinger type equation (Kohn - Sham):
H KS i 
i
i

(2.2.5)

whereas, HKS is the Kohn – Sham mono-electronic Hamiltonian
1
H KS  veff 

r


2

(2.2.6)

2.3 Exchange-Correlation Functionals
The last term in (2.2.1) contains the exchange correlation (xc) contribution and the
problem difficulty relies in finding good approximation for this term. Two main approximations for this term have been developed initially that are the local density approximation
(LDA) and the generalised gradient approximation (GGA). These xc-terms can be written as
functionals of the electronic density. LDA exchange functional is written as:
Exc 

r 

r
d 3r
xc 

(2.2.7)

Supplementary to this term one can add, for more accuracy, the local variation of the
charge density ( 
r ), obtaining hence the GGA expression of the exchange-correlation
functional
(2.2.8)


E xc 

r 

r
d 3 r 
r 
r d 3r

xc 
xc 
2

2

Calculations using LDA tend to underestimate the lattice parameters, the equilibrium volume
and the cohesion energies, which are significantly improved by GGA.
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2.4 Pseudopotentials
For practical cases of crystalline periodic solids, though the problem is significantly
simplified, within the KS formalism the number of equations that have to be solved for all the
electrons in the system is still enormous. The all-electron calculations are computationally
expensive due to the rapid oscillation of the wavefunction (WF) of the core electrons. However, only the valence electrons are determining the properties of a material. The core electrons
are tightly bonded to the nucleus and their states are less affected by the chemical environment around the respective atom. Based on this fact, two approximations become reasonable.
The first direct approximation is to consider within calculations that only the valence
electrons are taken into account while the core electrons are frozen. Hence the number of monoelectronic KS equations in the calculations is strongly reduced.
The second approximation is related to the interaction potential between the nucleus
and the core electrons and the valence electrons that is modelled through a “softer” pseudopotential of interaction.
Within these two approximations the valence electrons are described by a pseudowavefunctions that are oscillating slower than the real wavefunctions within the core region
and that are identical to the real wavefunctions outside this region. If the charge integrated by
the pseudo-wavefunction in the core region is identical to that of the real wavefunction, the
pseuodpotential is called norm-conserving.

3. SIESTA Code
The DFT theory is implemented in several computation codes used for a wide variety
of material classes. For the purpose of our total energy calculations we have chosen SIESTA
code (Spanish Initiative for Electronic Simulations with thousands of atoms)3, 4. SIESTA code
is widely acknowledged for rapidly providing reliable results for periodic systems due to the
approximations that will be presented in this section.

3.1 Basis Sets
The WF in (2.2.5) can be developed using a set of functions in a basis set, finding the
WF will mean then the calculation of the coefficients for those developments. Several types of
basis set functions are available: plane waves, Gaussians, linear combinations of atomic orbitals (LCAO), etc.

87

The LCAO are composed of a linear combination between of radial functions and
spherical harmonics. The angular dependence is known, hence the basis sets are classified
upon the number of ζ functions that are included in them. This type of basis sets has a smaller
number of functions which improves the computation time for systems involving a greater
number of atoms.The small number of functions improves the calculation time.

3.2 Defect calculations
SIESTA code allows the calculation of ground-energy for systems containing all kinds
of structural defects: point defects, clusters, extended defects. In this work we shall focus
mainly on point defects and on bidimensional extended defects. SIESTA works within threeperiodical conditions so the defects are modelled in supercells. Due to these three periodic
conditions the defects can interact among them which can hamper the results. In order to obtain good reliable results one uses supercells that are large enough to diminish this interaction.
Ground state energies are calculated for both defect-free system and the defect-containing
system. This allows calculating the thermodynamically relevant energies: formation or binding energies or process energy gains.
Knowing the ground state densities and wavefunctions, allows the calculation of the
forces on each atom according to Feynman-Hellman theorem. This allows the relaxation of
the structure through the minimisation of forces.
Two relaxation schemes are known: constant pressure and volume relaxations. The relaxation scheme may impact on calculated energies. It is known that the formation energies
obtained by calculations at constant volume and the formation enthalpies at constant pressure
are converging towards the same thermodynamic limit5. However in the case of the selfinterstitials and vacancies clusters, the constant volume calculations are overestimating the
formation energies6, 7. The constant pressure calculations are converging more rapidly towards
the thermodynamic limit. The geometry relaxation is performed through an algorithm of minimization of the strain tensor and the high accuracy necessary for this type of calculation setup needs longer computation times than in the case of the constant volume.

3.3 Migration Barrier Calculations
Calculating a barrier means to calculate the energy profile from state X to state Y. The
energy barrier is the maximum value of this profile. The energy barrier for migration or recombination drives the frequency of jump from X to Y.
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To calculate the migration or recombination barriers we have used the so-called “drag”
method8. Prior to making a defect-containing system evolve from the state X to state Y
(where X and Y are minimum energy points), one needs to obtain the two vectors X and Y
containing all the positions of the atoms in the simulation box. One constructs intermediary
independent images of the system by linear combination between the X and Y vectors. Usually several images are used. Then we relax the system in the hyperplan perpendicular to the
hyperline XY in the point Rλ (Figure 16). The values of the system energy after full relaxation
are used to construct the migration barrier. Within drag method the intermediary images of the
system are independent, this meaning that the relaxation of a system in Rλ is independent of
the relaxation of the system in the Rλ-1 and Rλ+1. The drag method allows to calculate barriers
for charge-conserving processes only.

Figure 16 Illustration of the drag method. The balls are representing the various states of the system: the
green ones represent the intermediary states (constructed by linear combination of the intial and final
states) while the red ones represent the final states of the system. The blue arrow shows the displacement
direction and the vector Rλ contains the generated initial positions of the atoms in the intermediary states
that will be further relaxed.

4. Summary
In conclusion, DFT framework allows studying the properties of isolated defects such
as migrant species (atoms and self-defects) or more complex structures involving increasing
numbers of selfdefects and hydrogen atoms. Moreover with the help of DFT tool have been
developed to calculate the energy barrier of recombination and decomposition leading to and
involving such complexes. Summarizing the methodology: in order to check the stability of a
defect with respect to some reference species (free hydrogen atoms, free molecules, bulk silicon atoms etc.) by computing its formation energy with respect to those reference one needs
in principle one total-energy calculation (except the references calculation). The migration/recombination barriers are actually constructed by several total energy calculations performed in some restrictive conditions.
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Chapter 3 DFT study of stability and mobility of hydrogen
related defects
1. Introduction
This chapter is dedicated to the study of the stability and the mobility of hydrogen related defects in silicon. More exactly we refer to the stability of defects and to the migration
and recombination of the migrating species. The stability is expressed in terms of the formation energy of a defect. This quantity depends on the chemical structure of the considered
defect, on the spatial configuration (for larger defects) and on the charge.
The charge issue is one of great importance in the case of point defects and in the case
of silicon it is related to its semiconducting character: the Fermi level of doped silicon is in
the band gap. The position of the Fermi level is establishing which of the charged species are
stable.

1.1 Calculations Technicalities
All the DFT calculations presented in this chapter have been performed with the SIESTA code 1 using norm-conserving pseudopotentials and bases of numerical atomic orbitals.
The exchange-correlation functional we have used is the Generalized Gradient Approximation
(GGA) 2. The pseudopotentials were provided with the SIESTA package and the employed
basis sets were of double-zeta type. Their radial cut-off values are 7.0 Bohr for Si and 8.0
Bohr in the case of H 1, 3. The Si basis has been constructed in order to reproduce the properties of the bulk silicon. The main convergence tests that have been performed are the dependence of the formation energy of silicon selfdefects on the supercell size and the k-space sampling. Following these convergence tests, the calculations have been carried out using 216
atom 3´3´3 supercells. The lattice parameter is 5.431 Å. This value is identical to the experimental value. The k-space is sampled by 8 points (that is 2´2´2 in a Monkhorst-Pack
scheme). The cut-off energy used in the calculations is 150 Ry. The good agreement between
our results and the recent ones on the same type of defects in comparable conditions 4, 5 ensure
the correctness of this computational configuration. Indeed, we have obtained a formation
energy of a neutral vacancy of 3.57 eV as compared to 3.36 eV4 and 3.69 eV5 in literature,
while the formation energy for a neutral tetrahedral interstitial was 3.82 eV (compared to 4.06
eV5). All our calculations are performed allowing the supercell volume and shape relaxation,
the maximum force being required to be less than 0.04 eV/Å.
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1.2 Energy Quantities
The self-consistent calculations performed in these conditions provide the ground-state
energies that are further used to calculate the several types of energies specific to each type of
defects that we studied. The calculated energies that will be presented within this chapter are:
1. The solution energy (in the case of atoms)
2. The formation energies (in the case of all defects).
3. The binding energy (of a vacancy within a multivacancy defect or of a hydrogen atom
within a hydrogenated defect).
These types of energy give a quantitative insight about the overall stability of the defect and about the stability of hydrogen inside the silicon lattice. Thus this chapter is divided
in five sections according to the increasing complexity of the defects studied in the sections.
The next section is dedicated to hydrogen atoms: solution and migration energies and
the negative-U effect of hydrogen defects in silicon.
Section 3 is dedicated to the study of the stability of various diatomic structures, to the
migration and to the decomposition of those, which are the most stable.
In section 4 we discuss the recombination of hydrogen with the vacancies in terms of
energy gain and recombination/decomposition barriers.
Finally in section 5 the clustering of hydrogen and vacancies into multivacancy-type
defects is taken into account.

2. Atoms
Hydrogen atoms are the simplest defects in silicon and this section is dedicated to the
understanding how these atoms are binding to the Si lattice in the interstitial sites.

2.1 Atoms relative stability
We have tested the stability of hydrogen atoms in three charge states (±1, 0) in various
sites (see Figure 17). The stability of these atoms in the interstitial sites has been studied in
detail in the next paragraphs.

2.1.1 Solution Energy Definition
The obtained results do not differ too much from those in literature and the differences
come from the computational particularities (numerical atomic orbitals, exchange-correlation
function) of our calculations.
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Figure 17 The position of various interstitial sites with respect to the [111] axis.

The physical quantity used to describe the stability of various atomic defects is the
formation energy (or solution energy) of hydrogen in silicon. This quantity is written as:

ES  E H

(3.2.1)

in Si

ESi

bulk

EH

free

qEFermi

The solution energy contains four terms. The first three terms obtained directly from
the SIESTA code output are: EH in Si, the energy of a system containing one hydrogen atom,
ESi bulk, the bulk energy of Si and EH free, the energy of the free hydrogen atom (-13.6 eV).

2.1.2 Results
The calculation of ES for each pair site-charge allowed the construction of stability diagrams in all three charge series: neutral, positive and negative (Figure 18).
The most stable configurations for hydrogen atoms are the following ones: BC for H0,
BC for H+ and AB for H-. Positive hydrogen atoms in BC is by 0.4 eV more stable than the C
site (the next most stable site), while negative hydrogen atoms are relatively stable in the C
and T sites with respect to AB site.

2.1.3 Comparison with Previous Calculations
In terms of relative stabilities, when it comes to the neutral atoms series, our calculations show that the lowest configuration for the neutral atomic hydrogen is H0(BC) which is in
perfect agreement with all previous works. The second minimum for H0, AB site, is more
stable than the T site, a result that contradicts some of the previous works 6-8, but in agreement
with some earlier ones8-10. Our calculations establish, also that the energy differences between
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H0(C) and H0(Hex) and the minimum energy structure H0(BC) are three times smaller than
predicted previously11.

Figure 18 Stability of various atomic and molecular configurations (a) neutral species stability with respect to the energy of the neutral hydrogen atom in BC site. Two pairs of structures are overlapping from
energetic view point: the H(M) coincides with H(BC) and H2(H) is only 0.01 eV higher than H2(T); (b) the
stability of positive monatomic species with respect to the minimum energy species for this series, H+(BC);
(c) the stability of negative monatomic species with respect to the minimum energy species for this series,
H-(AB).

The formation energy of H0(BC) with respect to the free hydrogen atom is -1.05 eV, a
value in perfect agreement with Van de Walle and co-workers 6, 12, 13
The next closest accessible site (0.47 eV higher) for H+, is the C site. Remarkable
quantitative agreement with respect to the previous work14 is obtained, in this series if one
compares the relative stabilities between H+(BC) and H+(C).
While for H0 and H+ our results are in good agreement with most of the authors, however for the AB position, the minimum we found for the negative atoms series disagrees with
recent works using plane wave DFT6, 12, but it is in agreement with older works using other
methods8, 9. However, the difference between H-(AB) and H-(T) is only about 0.06 eV, which
is of the order of magnitude of the calculation error. This may suggest that the difference between our results and those of other authors in the case of H- is related to the interplay between the construction (cut-offs) of the basis set for silicon and hydrogen.
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2.2 Negative-U Behaviour of Atoms
As we showed in chapter 1, section 2.2.1.3, the negative U behaviour is related to the
preference of hydrogen atoms for charged states rather than for the neutral state for all values
of the Fermi level ( 
F ) in the band gap.

2.2.1 U constant
The charge sign depends on the position of the Fermi level within the gap. More exactly within the gap going from the valence band maximum (VBM) to the conduction band minimum (CBM) instead of the standard order (+/0), (+/-) and (0/-) of the charge transition levels,
in the case of the negative-U effect the order is (0/-), (+/-) and (+/0). The value of the U constant determined from Figure 19 is 0.32 eV. The value of the U constant is the double of the
distance between the cross point between the formation energy of H+ and H- and the horizontal line representing the formation energy of the neutral hydrogen, H0.
Impurities that are perturbing the perfect crystal band structure introduce new levels in
the band gap. The perturbation of the crystalline structure leads to the modification of the
band structure by displacing the Fermi level. In a system doped through the presence of many
doping species, the Fermi energy is controlled (driven) by the dominating doping species that
is the one in the highest concentration.
The position of the Fermi level within the gap depends on the hydrogen concentration
in the system. We distinguish two cases:
1. The case of small H dilutions – in which the position of the Fermi level is independent
on H concentration, but depends on the temperature and on the concentration of other
eventual doping atoms in higher dilutions.
2. The case of high H concentrations in which hydrogen atoms become themselves doping atoms. In this case there is an autocoherent dependence between the Fermi level
and the charged hydrogen defects.
Within the Smart Cut™ process the concentration of the implanted hydrogen within
the Si implanted zone can be up to 10 % atomic. We fall hence into the second case: the hydrogen is the dominating specie and controls the position of the Fermi level. The position of
the Fermi level in the gap corresponds to the charge equilibrium of hydrogen atoms (the
crossing point of formation energy lines of H+ and H-, in Figure 19). For a specific position

within the gap (denoted 
F ) the hydrogen atoms exist in both charged states in equal quanti-

ties. According to our calculations, this position is very close to the midgap:

95

(3.2.2)


/

 EVBM  0.54 eV
F E

Figure 19 Formation energy of charged atomic interstitials in different sites as a function of the Fermi
energy. The continuous line represents the energy of the neutral atoms of the respective sites, the dashed
and dot-dashed lines are representing the energy of the positive and negative hydrogen atoms, respectively. The curves for H0,+(BC) and H0,+(M) are essentially overlapping, so the later ones are not represented.

2.2.2 Equilibrium Model of a Hydrogen Atoms System
To describe a system of H atoms in various sites and in various charge stares at nonzero temperature we have considered the interplay of Fermi energy within the Boltzmann distribution of hydrogen defects, in order to calculate the concentration of all Hq(X) species.
One considers a volume V of bulk Si in which one has inserted atomic hydrogen. If
one considers that in the elementary cell of volume v0 one has gX of sites X (the degeneracy),
then in a volume V of silicon, the total number of sites X available is

gXV
v0

. When hydrogen is

inserted in C0 atomic concentration, the total number of occupied sites is C 0
V (ρ = 5´1022
cm-3 is the volume concentration of silicon). Given the microcanonical ensemble conditions,
we assume that the number of particles in the state (X, q) is given by the following MaxwellBoltzmann distribution (θ is the temperature in K):
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(3.2.3)
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Now one may apply two essential conservation laws that is, the conservation of the
mass (of hydrogen) written as

N X ,q C 0V

(3.2.4)

X ,q

and the conservation of charge, that is:

qN X , q  nV

(3.2.5)

X ,q

In the equation (3.2.5) appears the term Δn, which is the difference between the electrons and holes concentrations. Dividing these two conservation equations and using the notations:
(3.2.6)
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(3.2.9)

qx

q q





C 0
n

q

In order to solve the equation (3.2.9) one needs to have the expression of the "perturbation" Δn. This quantity is given by15:
(3.2.10)

i 

F 
F 
n  nc pv  2ni sinh 



 kB  


where εFi is the Fermi energy of the intrinsic Si and ni is the intrinsic concentration of carriers
depending on θ.
Introducing these expressions (3.2.6)-(3.2.8) and (3.2.10) into (3.2.9) and re-arranging
the terms one obtains a fourth degree polynomial equation:
(3.2.11)

an x n

0

n

with the coefficients expressed by the next equations:
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Figure 20 Concentration of various species dependence on temperature (in logarithmic scale) for an implantation concentration of 10%, which is corresponding to the Smart Cut process.

The solution of equation (3.2.11) leads to the Fermi energy. We found out that the
Fermi is not varying to much with θ – only 0.1 eV around the intersection of H+(BC) and H(AB). Having obtained the Fermi energy as a function of C0 and θ, one can calculate the concentration of each charged species. The calculated concentrations as a function of temperature
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are given in. Note that in this plot we did not represent the absolute values as given in (3.2.3)
but rather the relative fractions of Hq(X).
In the particular case of θ = 0, the degree of the equation (3.2.11) reduces to two and
the Fermi energy is given by a far much simpler formula:
(3.2.17)


kB  



ln
F

2


For the Fermi energy given by (3.2.17), the quantity of positively charged atomic hydrogen is equal with that of the negatively charged ones. The charge equilibrium is maintained all the time due to the neutrality condition we have imposed by (3.2.5).
Though this model is extremely simple, it is a good tool for understanding how the
Fermi level is influencing the concentration of defects at equilibrium. The picture gets more
complicated when other types of defects (hydrogen – vacancies or hydrogen – interstitials
defects) are taken into account. A solid under irradiation is not in equilibrium conditions,
however based only on thermodynamic considerations the models of this type are the maximum information one can get about the irradiated system.

2.3 Migration of atoms
We have shown previously that hydrogen is a negative-U defect in Si and the most
stable species are charged: H+ and H- and are stable in the BC and AB sites respectively. The
most stable diatomic defect is the interstitial molecular hydrogen (H2) in the tetrahedral (T)
site. We suppose that three hydrogen species: H+ in BC, H- in AB and H2 in T are involved in
kinetic elementary processes leading to the formation of the vacancy complex structures.
Since the drag method does not allow the calculations of migration processes in which
the charge is varying we have calculated the migrations of H atoms in charged states exclusively.
The drag method is limited only to charge conserving migration processes. However,
some studies suggest that during their migration hydrogen atoms may interact with the Si lattice and access higher-energy states (neutral charge)17, 18.
We have also considered that hydrogen atoms are always charged in silicon at least
when they are migrating. Within their migration the positive ions use the high electron density
channels and the negative ions use the low electron density channels.
We have therefore considered the starting and the ending points to be equivalent sites:
BC sites for H+ and AB sites for H-. In the case of the negative hydrogen (H-) the migration
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from one AB site to the first order NN AB site will actually correspond to a rotation around
the same Si atom and not to a migration process. A true migration process would be the displacement of H- from an AB site corresponding to Si(1) to the second order NN AB site corresponding to Si(2). In this case Si(1) and Si(2) are first order NNs (Figure 21b).

(a)

(b)

Figure 21 Migration of hydrogen atoms within Si lattice : (a) positive ions between 1st order NN BC sites;
(b) negative ions between 2nd order NN AB sites.

(a)

(b)

Figure 22 Migration of hydrogen atoms within the Si lattice: (a) in black, the migration barrier of H+ between two first NN BC sites and in red the migration barrier of H- between two second NN AB sites; (b)
the migration barrier of H+ between two second NN BC sites composed by two elementary barriers between first NN BC sites.

Figure 22a shows that for these two H± migration processes the barrier is the same,
0.48 eV in a striking agreement with to the experimental value of 0.46 eV obtained for atomic
hydrogen by van Wieringen and Warmoltz16. This shows that the migration of atomic hydrogen is charge independent.
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Furthermore, when calculating the migration of a positive H+ from a BC site to its 2nd
nearest neighbour it has been observed that the barrier is in fact composed by two successive
hoping of ~0.5 eV each from a BC site to the first order NN BC site (Figure 22b).

2.4 Agreement with Experimental Results on H Atoms
Despite the minor disagreement between our DFT results and other authors, related to
H-, our calculations are predicting two stability sites that are found also by µSR: BC site for
H+ and a site between the AB and T sites for H-. Moreover, the charge of the hydrogen atoms
in these sites is the respective agreement with the results predicted by µSR and DLTS (see
§1.2 and §1.3 in Chapter 1).
The major success of this work is the confirmation of the negative – U behaviour of H
atoms in the Si lattice by computational means. Through our calculations we have successfulU

ly calculated the U constant corresponding to the process 2H 0 
 H  H  when
. The value U = 0.32 eV is in very good agreement with the experimental value19, 20 of U =

0.36 eV. However the position of 
F within the gap is different than that predicted by the

experiment.
Another major success of our method is that the formation energy of the hydrogen atom in Si with respect to an external atomic H gas is 1.8 eV in good agreement with the experimental value. Finally, another successful result is the migration barrier of hydrogen atoms
which is linking in fact three distinct experimental facts:
1. the hydrogen atoms are the migrating species in Si at high, room and cryogenic temperatures21. We shall show later on that H2 molecules cannot migrate.
2. the hydrogen atoms migrating in Si lattice are charged, their charge sign depending on
the Fermi level position within the band gap: H+ is the migrating species in p-type Si
and H- is the migrating species in the n-type Si.
3. the value of the activation energy for hydrogen diffusion in the barely damaged Si
crystal is the same (0.46 eV) for both high and cryogenic temperatures21, 22.

3. Diatomic structures
Like in vacuum (free hydrogen atoms gas), in silicon hydrogen atoms tend to agglomerate at room temperature in order to form diatomic structures. This section is dedicated to the
study of some diatomic structures.
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3.1 Stability of diatomic structures
Similar to the case of atoms, two fundamental questions related to these complexes
concern their structure and their stability as a function of their structure (Figure 23).

Figure 23 Diatomic hydrogen structures in Silicon: (a) interstitial H2 molecule at T site; (b) H2 molecule in
the Hex site aligned along the [110] direction; (c) H2 complex formed by two hydrogen atoms one in AB
site and the other in the BC site; (d) H2* complex formed by two atoms one in the BC site and the other in
the T site; (e) H2* complex off the [111] axis composed by one atom in the AB site and one in a BC site; (f)
H2* complex off the [111] axis formed by two atoms one in the BC site and the other in the T site.

3.1.1 Structures and formation energy
Several dimmer configurations have been investigated within this study: interstitial H2
molecule in the T and Hex sites and the H2* (HXHY) complexes (HABHBC, HBCHT along the
[111] direction, and the off [111] axis complexes HBCHBC, HABHBC, HBCHT).
In order to compare these different configurations to monatomic configurations, we
have used the formation energy per hydrogen atom that is the total formation energy divided
by two (the number of atoms within the diatomic structures). The total formation energy can
be express, with respect to an exterior hydrogen reference (such as a free hydrogen atom or
molecule) or with respect to a reference representing the hydrogen inside the silicon lattice. In
the second case the most used reference is the neutral hydrogen atom in the most stable configuration (BC site). Since we compare various defects inside the Si bulk it seems natural to
choose as hydrogen reference the neutral hydrogen in the BC site. In this case, the formula for
the formation energy per hydrogen atom reads as follows:
(3.3.1)

EF 

1
E
2 H2

in Si

ESi

bulk
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2EH

in Si

q
F 

Whereas EH 2 in Si is the energy of a dimmer in Si, while the last three terms have been explained in the previous section. This energy corresponds actually to two processes: the formation of a diatomic structure followed by the lost or the gain of |q| electrons.

3.1.2 Results
We have investigated the following charge cases q = 0, ±1, ±2. Charged molecules (q
≠ 0) are proved to be very high in energy since the formation energy of a charged dimmer was
up to 4.0 eV higher with respect to the neutral ones. Therefore, such complexes are almost
impossible saddle point configurations of elementary migration or recombination processes
involving hydrogen atoms. Hence we do not refer to them in the followings.
The most stable diatomic configurations are the interstitial H2 molecule in the T site
and in the Hex site. Hex site as a stable site for the hydrogen molecules has not been previously reported.
The next in the order of stability is the molecular complex H2 *0(BC-AB) composed by
a H(AB) and another H(BC). Inspection of the charge density distribution around the atoms
composing the structure H2* revealed no differences of charge, hence the H2 * is composed by
neutral atoms rather than charged ions.
Molecules and H2 * are more stable than the neutral hydrogen atoms (with formation
0
energies respectively 0.74 eV and 0.68 eV more stable than H BC
). Our results on diatomic

species allow us also to classify them into four categories in the order of their stability: the
interstitial molecules [H2(T) and H2(Hex)], the bounded complexes [H2(AB-BC)], the quasibounded complex [H2(AB-T)] and the un-bounded complexes [H2(BC-BC)]. Among these the
most stable ones are the interstitial molecules.
Compared to the lowest neutral atomic species, the diatomic ones are more stable in a
good agreement with the previous works11, 12, 17, 23, 24. In terms of relative stability, in our work
we report a value of 0.77 eV, between H in BC and H2 in T and a value of 0.60 eV between H
in BC and H2(AB-BC) in a very good agreement with the difference of 0.87 eV and 0.60 eV
reported elsewhere6. The later value is also in a perfect match with the differences reported
previously12, 17. One observes that the H2(AB-BC) complex aligned on the [111] direction is
only by 0.17 eV less stable than H2(T) in agreement with previous work25 and especially in
agreement with the works of Van de Walle and his collaborators.
When placed in T site along the [110] direction17, H2 molecule changes its direction to
[111] during relaxation. Its interatomic distance (0.77 Å) is almost equal to the distance of the
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free hydrogen molecule. The H-H distance of 0.77 Å is observed in the case of the interstitial
molecule oriented along [100] direction in Hex site.
The relaxation of the HBCHT on- and off- [111] direction structures led to their respective HABHBC structures, more exactly after the relaxation one observes that the H atom in T
site has “fallen” into the AB site.
The off axis structures are loosely bounded, that is their total energy is merely lower
than the energy of separated atoms.

3.2 Migration and decomposition of diatomic structures
We have considered the migration of the H2 interstitial and the decomposition of two
most stable structures: H2 in T and H2 *. The H2 molecule migrates between two NN T sites.
The features of this migration process are:
1. The molecule does not decompose but rotate from [111] direction unto [100] direction
in order to accommodate to the sterical constraints.
2. The distance between H atoms is increasing by 5 % in the midpoint site on its path between T sites.
3. The migration barrier is 2.2 eV, five times higher than that of an isolate hydrogen atom.
Since the molecular interstitial is then, practically relative to atomic H, immobile we
have considered its decomposition together with the decomposition of the other stable hydrogen dimmers. Two decomposition processes have been considered:
(3.3.2)



H2 
T  H BC
H AB

(3.3.3)



H 2*  H BC
H AB

(a)

(b)
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Figure 24 Decomposition barriers of the two stable hydrogen dimmers in silicon: (a) H2 and (b) H2*.

The barriers represented in the in Figure 24 a and b correspond to the decomposition
processes (3.3.2) and (3.3.3) respectively. In Figure 24a, the first shoulder (0.58 eV) in the
decomposition profile corresponds to a migration of 2.25 Å of a H2 molecule to from a T site
towards the next-nearest neighbour T site on a trajectory passing through the hexagonal plan.
When reaching the hexagonal site the distance between the two atoms is increased by 20%
and at this point the two atoms start to separate. The barrier for breaking completely the H-H
bond is 0.77 eV. In the H2 decomposition process the molecule moved to a metastable site and
from that point both H atoms migrate to their respective sites. The H2 * decomposition consisted in the displacement of only one atom namely the H in AB site. The H2 * decomposition
modelled in this way exhibit two shoulders (Figure 24b).

3.3 Qualitative comparison with experimental results
The high barrier of migration of the interstitial molecule show that these ones do not
participate as migrating species to the diffusion process. Hydrogen atom diffuses therefore
more than the H2 molecule. Experimental analysis of IR data allows inferring that H2 diffuses
at temperatures higher than 300°C26, 27, while our calculations show that actually the H2 molecule decomposes before any migration process.
The decomposition barriers of the dimmers are lower than the migration barriers, a
fact that seems to claim that dimmers are rather decomposing starting from 200 °C than migrating.

4. Hydrogenated Mono-vacancies
The calculation literature speaks only about neutral hydrogenated monovacancies.
However, due to the semiconducting character of silicon there is a non-negligible probability
that charged VHn type defects may occur within hydrogen implanted silicon. Moreover there
is experimental evidence for the existence of charged hydrogenated vacancies28-30.
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Vacancies (V)

Hydrogen (H)

Hydrogenated Vacancies

Figure 25 Position of transition levels (found in literature, see Chapter 1 on bibliographical review) in the
gap for various kinds of defects: vacancies (V), hydrogen atoms (H) and hydrogenated vacancies that are
indicated near the level. The black levels are corresponding to the experimental values, the red levels are
corresponding to the theoretical values, the green level corresponds to a level that has been confirmed
both theoretically and experimentally in the literature and, finally, the magenta levels are those obtained
by us, through DFT calculations.

4.1 Stability of VHnq structures
As it was shown in previous sections, the stability of a charged defect depends on the
Fermi energy. Depending on the Fermi level position within the gap, the VHn complexes may
assume different charges. The limits of the Fermi level domains for which defect is stable in a
given charged state are called ionisation levels and they can be calculated from data obtained
by first principles.

4.1.1 Charge states of VHnq defects


q q
The q →q’ charge transition (ionisation) level ( EVH
) of a VHn type defect is den

fined as:
(3.4.1)

q
q
EVH
 EVBM  q 1q 
EVH nq EVH q 
n
n
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wheras EVBM is the maximum level of the valence band, while the EVH nq is the ground-state
energy of the totally relaxed VHnq complex.
In terms of charge of the VH nq type defects, the following features can be observed:
1. In the case of simple vacancies the most stable defect is V2-, a result which is full
agreement with recent computational findings.
2. In the VHq series the most stable defect is VH, while in the VH 2q4 the most stable
defects are the neutral ones.
In the case of V and VH our results confirm the results reported in literature by the
Laplace transformed DLTS measurements conjugated to EPR measurements. These results
reveal the existence of levels in the gap corresponding to charged defects. For V and VH one
obtains excellent agreement with the experimental values for the transition levels in the gap
(Figure 25):
1. The calculated V+/2+ level is EVBM+0.16 eV while the reported experimental value is
EVBM + 0.13 eV31.
2. The calculated value of VH2-/- level is EVBM+0.68 eV very close to the experimental
value of EVBM+0.657 eV28.
3. The calculated value of VH22-/- is EVBM+0.69 eV. Bruni et al.29 report the position of a
level corresponding to a VH2 related centre at EVBM+0.67 eV. Our calculation allows
therefore to state precisely the nature of that centre as a (2-/-) transition centre.
These results are in agreement with the findings in the literature in the sense that adding hydrogen succesively to the vacancies leads to VH4, which is the most stable among the
VHn type defects. However our approach is totally new since we consider that the VHn type
defects may assume charge and moreover we characterise quantitatively the defect centre,
otherwise incompletely characterised.

4.1.2 Energy definitions
The energy that we used to quantitatively describe the stability of VHnq – type structures is the binding energy of hydrogen inside such defect. The three species that can be emitted or added from a VHnq defect are H+, H- and H0. Hence instead of a binding energy of a
single hydrogen species, we distinguish the energy gains for the emission or for the addition
of hydrogen ions. In the case of VHnq defects, we shall use the energy gain for the addition of
a charged hydrogen. The formula for the energy gain of H± addition reads as follows:
(3.4.2)

E ,0  EVHnq ESi

bulk
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EVHnq 11,0 EH ,0

in Si

The energy gain formula contains four terms: the energies of the initial ( EVH q 1 ) and
n 1

of the final ( EVH nq ) charged defects, the energy of the Si bulk ( ESi bulk ) and the energy of a
H± ( E H  in Si ) in their highest stability sites (BC for H+ and AB for H-). One observes that
the values of E  correspond to charge conserving processes, hence they do not depend on
the Fermi level ( 
F ).
However a VHn defect may exhibit various charge states and the stability of these
charge compounds depend exclusively on the Fermi level. The energy gain of passing from
one state to another depends on the Fermi level as follows:
(3.4.3)

q ® q¢
DEVH
= EVH q¢ - EVH q + ( q - q¢ ) e F
n
n

n

This type of energy is a measure of the relative stability.
Using the (3.4.2) formulas we have calculated the energy gain of adding H± to all possible VHnq defects. In order to get a quantitative picture of the energy gain when charging and

discharging a VHnq defect we have used the formula (3.4.3) fixing the Fermi level at the 
F

value discussed in §2.1. This Fermi level corresponds to the negative-U picture of the coexistence of equal concentrations of H+ and H- species, in the absence of any other type of defects.
At low hydrogen concentration, it is possible however that the Fermi level to be dif
+
ferent from this particular value 
F . In this case either H or H exist and the stability of

VHnq type defects may be different.
In this way the stability of VH nq structures can be discussed as a function of their hydrogen content ( n  1, 4 ) and their charge (q = 0, ±1, ±2). These defects are represented by
the labelled boxes in Figure 26. More precisely on each line there are the defects having the
same hydrogen content, but different charge states. The charge is increasing from the left to
the right from –2 to +2. In the same column there are the defects having the same charge, but
different hydrogen content. The hydrogen content is increasing up to down from 0 to 4 atoms
per defect. The various boxes are connected through different kinds of arrows that indicate
various types of reactions that can lead from a defect VHn to a defect VHn’ by various mediators. The colours of these arrows depend on the types of mediators. The horizontal violet lines
represent various discharging processes (5). The energy gain per added hydrogen atom for
each reaction is specified on the each arrow. The arrow is oriented in the favourable sense of
the reaction, towards the defect that is more stable.
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4.1.3 Results on VHnq Stability
The VHnq stability can be discussed in terms of its charge and its hydrogen content. In
terms of charge our results show that:
1. in the V series (n = 0), the most stable defect is the V2- defect, slightly (0.04 eV) more
stable than V1- and with 0.14 eV more stable than its neutral counterpart.
2. in the VH series (n = 1), the most stable defect is VH-, with ~0.2 eV more stable than
its double negative and neutral peers.
3. starting from the VH2 (n = 2) series up to VH4 (n = 4) series the most stable defects are
the neutral ones, that is VH20, VH30 and VH40 respectively.
When analyzing the stabilisation of vacancies by successive addition of hydrogen we
notice the several features.
Hydrogen addition stabilises the vacancies such that the full hydrogenated vacancies
are the most stable structures independently on their charge. However the stability scheme
shows that independently of the “starting” defect (VH nq , n < 3) successive addition of hydrogen leads with necessity to VH4 the “end” point in any recombination of defects involving
hydrogen atoms and vacancy containing defects.

Figure 26 Relative stability of various charged hydrogenated vacancies, VHnq. The boxes show various
defects that are arranged on successive lines (the defects on each lines contain the same hydrogen content)
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while those on the same column have the same charge. The hydrogen content varies between 0 and 4 increasing from up to down while the charge varies between –2 and +2 increasing from left to right.

The addition of hydrogen atoms leads to energy gains between 1.2 – 2.3 eV per added
hydrogen. There are no special differences between the energy gain by adding a positive or a
negative atom or an apparent special relation between the hydrogen content already in the
vacancy and the energy gain.
Addition of hydrogen atoms from molecules lead to a similar energy gain of the order
of 1.5 – 2.4 eV, hence with no real difference between the orders of the energy gain of hydrogen atom or dimmer additions.

4.2 Recombination barriers of hydrogen atoms and VHnq
Calculations confirm the hints provided by experiments about the existence of charged
species and moreover, they allow the proposal of mechanisms of the creation of these defects
by the recombination of hydrogen with vacancy-containing defects.

4.2.1 Considered Barriers
In the stability diagram we have represented the energy gain of various hydrogen addition processes. However these processes do not occur directly. They are processes that involve certain barriers called either recombination barriers in the sense of VHnq creation or
decomposition barriers.
Moreover in the context in §2.1 we showed that the charged hydrogen atoms are the
mobile hydrogen species. We conclude that hydrogen addition occurs, in our case, through
charged species. To calculate the barriers of all processes represented in the stability diagram
would be almost impossible in a reasonable period of time due to the important computational
effort necessary to calculate one barrier of such processes.
We have chosen hence the recombinations that involve only the most stable species in
each series as starting and end points: V2-, VH- and VH2-4. Thus we have calculated the barriers of the following processes:
1. Involving positive hydrogen atoms
(3.4.4)

V 2 H   VH 

(3.4.5)

VH  H   VH 20

(3.4.6)

VH 20 H   VH 3
110

VH 3 H   VH 40

(3.4.7)

2. Involving negative hydrogen atoms
(3.4.8)

VH 20 H   VH 3

(3.4.9)

VH 3 H   VH 40

4.2.2 Results
The calculation results are presented in Figure 27. Unlike the case of their migration,
the hydrogen atoms exhibit different features in the processes of recombination with vacancycontaining defects. The negative atoms do not exhibit any barrier when recombining to the
vacancy-containing defects. When placing H- in the first five coordination spheres around a
vacancy (up to a distance of 9.6 Å), the relaxation of the lattice leads to the direct recombination of the atom with the vacancy containing defect.

(a)

(b)

(c)

(d)
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(e)

(f)

Figure 27 Drag method calculated recombination barriers of hydrogen atoms and molecules and various
vacancy containing defects

The H+ atoms do have to overcome a barrier that is generally fluctuating (depending
on each case) around an average value of 0.5 eV. This value is closed to that of the migration
energy, hence it is a quantity characteristic for H+ diffusion.
Positive atoms are hopping between two NN BC sites until they reach the defect. This
is why the profiles of H+ recombination are composed from hopping barriers (of 0.45 eV) and
a barrier (0.3 – 0.8 eV) representing the binding of hydrogen atom with the dangling bond
within the defect. The VHn recombination barriers are not higher than the migration barriers
of H+. Hence they are not obstacles for the recombination process between the V and H.
In the reverse sense, of VHn decomposition, the energy landscapes always exhibit a
barrier between 0.9 - 2.2 eV, that needs to be overcome. The VHn decomposition barriers
show that these defects are trapping hydrogen atoms. This phenomenon of hydrogen trapping
at the vacancies together with the trapping of atoms at molecule formation centre explain why
the hydrogen diffusion activation energies are increasing in the damaged silicon.

4.2.3 Molecule Recombination
We have calculated also the recombination barriers between vacancy-containing defects and hydrogen molecules:

V 2 H 2  VH 22
VH  H 2  VH 3
The recombination barriers of the molecule are of the order of 2.0 eV while the decomposition barrier is of the order of 4.0 eV (Figure 27f). It is obvious, since the recombination energy is greater than the dissociation energy, that the molecules are not involved neither
in the recombination, while the ejection of molecule from a vacancy-containing defect is a
negligible phenomenon.
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4.2.4 Transient Regime in Hydrogen Recombination to Vacancies
In the context of high concentrations of H and V, the very fast association of H- leading to the formation of VHn induces a change in charge states of H+ to H- to ensure charge
neutrality in the system, which then refuels the reservoir of fast recombining species. One
may expect a very fast transient regime of recombination of close H- and V. When the remaining H atoms and vacancy-containing complexes get sufficiently far away from each other, this
transient regime is followed by a slow recombination regime. The slowing down process is
due to the time necessary for far away migrating H+, H- or V species to get close and recombine. Hence, at this point, the VHn formation is limited by the migration of the mobile species.

5. Hydrogenated Multi-vacancies
Point defects (selfdefects, atoms and diatomic structures) are important actors to explain the accumulation of defects into extended defects. However one needs to attempt explaining the formation of 2D defects by contemplating some scenarios leading to such structures. This leads necessarily to the study of more complicated complexes involving more than
one vacancy and, hence, a corresponding greater number of hydrogen atoms. Experimental
data are giving hints about the existence of charged divacancies: e.g. the existence of a V2H
(0/-) ionisation level is reported in literature28.

5.1 Hydrogenated di-vacancies
Hence, the last series of hydrogenated defects that we studied in terms of stability dependence on hydrogen content and charge was the hydrogenated bivacancies. We have studied the complexes of type V2Hmq (with m = 0, …, 6) while the values of q have been restricted
to 0, ±1 due to computational time considerations.
The aims of this study were the following:
a. Checking if some V2Hm type of defects is still charged as we see in the case of
hydrogen atoms and in the case of some VHn type of defects.
b. Checking if the increase in vacancy content is affecting the binding energy of
hydrogen within the divacancy.
In the case of V2Hm type defects, the most stable species are the neutral ones for all
values of m. The energy differences of the transitions between the charged defects are of the
order of 0.21 – 0.45 eV. The results obtained in the case of VHnq are still valid in the case of
V2Hm in the sense that hydrogen addition leads to stabilisation of the divacancy up to the full-
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saturated divacancy, which is the most stable species. Quantitatively the range of energy gain
when adding a hydrogen positive or negative ion to the divacancy involves values of the order
of 1.6 – 2.3 eV, an interval which is roughly the same as in the case of hydrogen addition to a
vacancy.

Figure 28 Relative stability of various charged hydrogenated di-vacancies, V2Hnq. The boxes show various
defects that are arranged on successive lines (the defects on each lines have the same charge) while those
on the same column have the same hydrogen content. The hydrogen content varies between 0 and 6 increasing from left to the right while the charge varies between –1 and +1 increasing up to down.

Let us pay attention to the formation of V2H2 and V2H6 through hydrogen atoms addition:

V2H 0 H   V2H 2  V2H 20

(3.5.1)
and

V2H 50 H   V2H 6  V2H 60

(3.5.2)

The energy gain for (3.5.1) and (3.5.2) processes are 2.09 and 2.17 eV respectively. These
values are the highest in the processes of the type:

V2H n01 H   V2H n  V2H n0

(3.5.3)

This high value might be related to the fact that V2H2 and V2H6 are stable enough to
be detectable by IR spectroscopy. These two defects are the only V2Hn type defects that are
described in literature through the assignment of absorption peaks corresponding to the vibrational modes.

5.2 Multi-vacancy Configurations Stability
The charge issue is not considered anymore due to the fact that, as the results on V2Hm
species show, thedefects containing more than one vacancy cease to be charged. Moreover a
systematic study similar to that in §4 would not be possible due to the enormous quantity of
calculation that would require computational facilities far beyond the nowadays capacity.
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On the other hand the issue that rises immediately is the size of the supercell required
for such calculations containing a large number of defects. We point out that in the context of
our work related to Smart Cut™ implantation step it the defects are not well isolated and they
are interacting among them. Such a model of interaction would be closer of the damage reality within the perturbed zone of damage accumulation. Moreover we are interested in trends of
stability of systems within which there is an interaction among defects.

5.2.1 Configurations
The literature speaks often about the “magic” numbers for the stability of the multivacancies. These magic numbers are referring to three dimensional defects obtained through
successive removal of Si atoms from the neighbouring shells, but no information is given
about the structure of these defects or about their configurational degeneracy. When it comes
to planar defects V6 is proposed as a good candidate for stable multi-vacancy.
Though these results may provide reliable information about the vacancy stability
within clusters, they are insufficient to explain the planar structure of platelets which are extended defects that are involving vacancies. In this context we have studied three types of
defects (Figure 29):
1. The three dimensional defects or voids (V5, V17, V35)
2. The “wire” defects in the (100) plane oriented in the [110] direction (V3, V4, …, V12).
3. The planar configurations in the (100) plane (V4, V6, …, V32).

(a)

(b)

(c)

Figure 29 Three types of clusters: (a) the three dimensional cluster; (b) the bidimensional clusters; (c) the
wire-configuration cluster.
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Figure 30 Schematic illustration of the construction principle of Vn cluster in the (100) plan by successive
removal of vacancy pairs (blue squares) parallel to the (100) plan (the gray square) within a supercell. V6
and V8 in the (100) plan exhibit several configurations.

The size of the studied clusters has been limited by the calculation supercell 3x3x3
used along this study. In the case of wire configurations, by V12 structure one reaches actually
the limit of our supercell. This structure is actually an infinite wire of vacancies in the (100)
plan in the [110] direction. In the case of bidimensional planar defects, removing 36 atoms in
(100) plan according to the scheme in Figure 30 in the 3x3x3 supercell means obtaining an
infinite void space splitting the bulk into two parts. The relaxation of such a structure leads to
the automatic “reconstruction” of the perfect crystal. So a full relaxation of an infinite planar
vacancy defect is not possible.
In the case of the 3D defects (called within this manuscript bubbles) the construction
scheme was made around a vacancy. So, V5 was obtained by removing the first order neighbours Si atoms around the vacancy in the centre of the calculation supercell, V17 is obtained
by a supplementary removal the second order neighbours Si atoms. The third order neighbour
Si atoms are removed, finally, in order to obtain the V35 configuration. The removal of the
fourth order neighbour Si atoms will exceeds the size of the supercell.
In the case of 1D and 3D defects for each value of vacancy number in a cluster there is
only one structure. We call these types of defects configurational non-degenerate. However,
in the case of 2D defects, in the context of our supercell modelling there are several configurations that correspond to the same vacancy content for 2 < n < 16. These types of defects are
called configurational degenerate.
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5.2.2 Energy Quantities
Two quantities have been used for the study of the stability of these clusters that: the
formation energy and the binding energy.

5.2.2.1 Formation Energy per Vacancy
The formula for the formation energy per vacancy for the formation energy per vacancy: that is the total formation energy of a cluster Vn divided by n, reads as follows:
(3.5.4)


1
216 n
EF  
EV 
Ebulk 



n
216
 n


whereas, EV is the ground state energy of the vacancy in a supercell and Ebulk is the ground
state energy of a perfect crystal.
The formation energy per vacancy is a normed quantity allowing establishing which
configurational dimension is more stable: 1D, 2D or 3D. We look, therefore, for trends in the
formation energy trying to establish if the growth of defects is equivalent to stabilisation by
vacancy addition. Analysing Figure 31 in which the formation energies per vacancy for the
three types of configurations has been plotted, it can be observed that adding more vacancies
leads to more stable structures. In the case of 2D configurations, we have plotted only the
energy of the most stable structures corresponding to the same n.
Additionally to this trend, several peculiarities of this figure are noticeable. At low vacancy content (2, 4) the 2D and 1D configurations are identical so their energies are the same.
In the interval 1 – 5 there is a significant drop (~1.6 eV) in the formation energy, which
means that small size clustering leads to increasing stabilisation of vacancies in multivacancy
clusters. The formation energy drop in the interval 6 – 35, though significant, is less rapid.
The V5 bubble is slightly above the 1D configuration in terms of stability. The V6, V8,
V10 and V12 in 2D and 1D configurations are practically identical from energetic point of
view. V17 bubble has the same stability as the V18 and V20 in 2D configurations (having almost the same number of vacancies).
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Figure 31 The formation energy per vacancy of the three types of multi-vacancy configurations taken into
account: black filled circles (1D), red empty circles (2D) and green filled squares (3D).

The V35 bubble has the same stability as the V34 2D structure, the two configurations
having almost equal numbers of vacancies). This is probably due to the finite size of our
supercell. However, this can be very close to the implantation reality. In the highly damaged
zones the preference for 2D and 3D configurations disappears. Isolated 3D configurations are
expected to be more stable than the 2D configurations with the same number of vacancies,
due to the fact that the former structures exhibit less dangling bonds than the later.

(a)
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(b)
Figure 32 The evolution trends of the formation energy of a vacancy inside (a) the wire configuration
multi-vacancies and (b) bidimensional vacancy-clusters in the (100) plan. Only the energy of the most
stable configuration have been added to the plot.

If the preference for a dimension is hampered in the highly damaged zones, then there
is some other factor that determines the preference for the 2D in the case of platelets. TEM
and IR correlated measurements (see §1.1 and §1.4 in Chapter 1) suggest that the main factor
favouring the 2D orientation is the stress. To check how stress affects the formation energy of
defects and derive a critical stress for which the 2D configurations are more stable than the
3D bubbles, one needs another series of calculations that are beyond the scope of our work.

(a)
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(b)
Figure 33 The binding energy of a vacancy inside (a) the wire-cluster configurations in the [110] direction
and (b) the planar defects.

In Figure 32 we have detailed the separate convergence for each of these configurations. For these structures, one can extract the energy of a vacancy within a infinite defect. In
the case of 1D wire configuration (Figure 32a) the value of such energy is 1.6 eV, while by
extrapolation we find a value of ~0.5 eV in the case of the 2D structures (Figure 32b). The
later value will be of crucial interest in the next chapter dealing with platelets formation in
which we shall attempt to calculate energies corresponding to various scenarios for platelet
formation mechanism.

5.2.2.2 Binding energies
For the binding energy one distinguishes two cases: the case of wire configurations
and the case of the planar configurations. In the case of the wire configurations, the cluster
that have been studied are Vn, n = 1, 2, 3 … 12. For these clusters for each n there is a single
configuration. Increasing the vacancy content by one unit (V) allows defining the binding
energy:
(3.5.5)

EB 
n  EV

n 1

EV EV ESi
n
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bulk

that is the energy necessary to remove one vacancy from the Vn cluster and place it at the distance where the interaction between Vn-1 and V is negligible that is infinite:

Vn 1 V  Vn

(3.5.6)

In the case of planar configuration, studying Vn type structures by adding one vacancy
only would have increased drastically the configurational degeneracy and, hence, the computational effort. Moreover, there is little interest in studying all such structure when our aim is
to look for trends in multivacancy planar growth, rather than looking in detail the structures
which are not detectable and for which we does not have any information. To reduce the configurational degeneracy we have proposed studying the following Vn structures for n = 2, 4, 6,
…, 34. Increasing the size of the vacancy cluster by V2 units allows defining the following
binding energy:

EB 
n  EV

(3.5.7)

n 2

EV EV Ebulk
2

n

corresponding to the following process:

Vn  Vn 2 V2

(3.5.8)

When plotting the binding energy against the vacancy content of the initial cluster
(Figure 33 a and b) one observes that EB(n) exhibits some minima for both 1D and 2D clusters. The n values for EB(n) exhibits minima are called in literature “magic numbers”.
In the case of 1D (Figure 33a), EB(n) has minima for n = 5 and n = 9, while one observes a decrease of the binding energy starting with n = 11 and continued for n = 12. This
trend makes us expect another minima for a configuration containing a number of vacancies
close to n = 12.
In the case of 2D defects (Figure 33b), the results are more elucidating thanks to the
great number of configurations that have been investigated. The “magic numbers” for 2D configurations are n = 6, n = 14, n = 20, n = 28 and for a configuration containing a number of
vacancies greater but close to n = 32. From the four minima one observes that EB value for
these minima is increasing with the size of the defects meaning that it becomes harder and
harder to expel a bivacancy from a size increasing planar defect. Judging on the values involved, the 2D defects are hence, compared to 1D defect, stronger vacancy trapping centres
for bivacancies.
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5.2.2.3 Recombination barriers
Studying the recombination barrier of vacancies to form multi-vacancies one observes
that the recombination of two vacancies exhibit a barrier of 1.8 eV, the recombination of a
vacancy with a bi-vacancy exhibits a barrier of 0.6 eV, while the recombination of a vacancy
with a tri-vacancy exhibit a barrier of 0.15 eV only (Figure 34). It is observed hence a drastic
decrease of the recombination barrier of vacancies with small vacancy cluster when the size
of these later ones increases.

(a)

(b)

Figure 34 Accumulation of vacancies: (a) recombination barrier of two vacancies; (b) recombination barrier of a vacancy with a di-vacancy;

One may expect that vacancies will be attracted very quickly to the 2D defects, due to
the low recombination barriers. The bidemensional defects growth is then alimented by vacancy trapping.

5.3 Hydrogen Bonding within Multivacancies Clusters
Our multivacancy study is very relevant for the neutron or electron irradiated samples.
The situation gets more complicated when it comes to the study the contributions of hydrogen
to the extended defects stabilisation and finally to the growth of platelets. Studying the trends
in the case of 2D defects is increasing significantly the computational effort by increasing the
number of hydrogenated configurations that have to be studied. There is a double degeneracy:
one related to Vn configurations and the other one related to the number of hydrogenated configurations corresponding to each n in the vacancy clusters.
The only set of configurations for which one could rely for reducing the degeneracy
was the wire shaped Vn clusters. Fore each n we have fully saturated the Si dangling bonds
within the defect. From each of the fully saturated VnH2n+2 configurations we removed one
hydrogen atom and we obtained isolated dangling bonds inside the cluster.
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The VnH2n+2 series itself allowed to study the energy gain of the following process:
(3.5.9)

Vn 1H 2n VH 2  Vn H 2n 2
Plotting the energy gain of (3.5.9) against n one observes that forming configurations

for which n ≤ 5 is favourable, while for n > 5 the configurations are not energetically favourable (Figure 35). This result shows that starting with n = 6 the wire configurations are not favourable for addition of extra hydrogen and vacancies. The right configuration for n = 6,
known up to this moment is the ring-shaped V6 configuration32-34 that is speculated in the literature as a nucleation centre for platelets (the EPR AA17 defect, see §1.3.3 of chapter 1).
Our calculations show, hence that nucleation of vacancies and hydrogen is favourable for a
non-planar configuration containing less than 6 vacancies, while for n greater than 6 the dimension of the resulting defect plays a crucial role. The hydrogenated candidate proposed in
literature is the V6H12. A possible mechanism to reach such a configuration is the absorption
of a vacancy by the V5H12. The six-vacancy containing configuration changes to ring shape
V6H12, which is energetically more favourable. The main possible driving factor for this reconfiguration is the local stress.

Figure 35 Energy gain of the VH2 addition to various VnH2n+2 1D configurations.

Binding of hydrogen atoms inside hydrogenated multi-vacancies may reveal the hydrogen stability in a VnH2n+2 defect. Having the total energies of VnH2n+1 and VnH2n+2 defects,
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we have initiated a study of hydrogen binding in multivacancies by calculating the binding
energies of hydrogen in the case of the fully saturated vacancy:

Vn H 2n  Vn H 2n H in BC

(3.5.10)

In Figure 36 we have plotted the binding energy as a function of cluster size. The
binding energy of hydrogen increased with the size of the cluster up to n = 8, and then it starts
decreasing. This means that hydrogen becomes more and more bounded to vacancy-hydrogen
clusters for n ≤ 8. For n > 8, the binding energy exhibits a slight decrease. This can be linked
to the configuration peculiarities of such structures. Probably the variation of the binding energy of hydrogen inside the multi-vacancy complex may be another cause for structure reconfiguration into more planar structures in order to be more stable during the vacancy and
hydrogen capture.
Binding energy of a hydrogen atom within a multivacancy
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Figure 36 Binding energy of hydrogen atoms inside multivacancy. Dependence on the cluster size.

This study on the hydrogen bonding in multivacancy complex is not complete since it
is referring only to one of the multi-vacancy configurations considered within this section.
However it allows inferring the fact that the presence of several vacancies within a cluster
does not change dramatically the binding energy of hydrogen atom to a pre-existing dangling
bond.

6. Conclusions
In this chapter we have studied the stability of hydrogenated vacancy containing defects. Our calculations seem to explain some of the results observed previously reported in the
literature and raise a number of other questions.
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The negative U effect of hydrogen atoms has been confirmed by means of DFT calculations and the migration barrier of hydrogen atoms has been calculated. This barrier is in
very good agreement with the experimental value. Moreover, we have indicated within our
calculations the elementary paths of migration. The migration of the interstitial molecules and
the decomposition together with the decomposition of the H2 * diatomic structure have been
studied. We have concluded that the migration of H2 molecule as such is not a favourable process when compared to the decomposition phenomenon. The migration barrier is of the order
of 2.0 eV while the decomposition barrier of both H2 and H2* is of the order of 1.0 eV.
Therefore we have been led by these results to the conclusion that the only hydrogen
containing species that are migrating are the hydrogen atoms. The hydrogen atoms are hence
recombining with the implantation damage, which is mainly formed by the vacancies and the
interstitials.
We have focused in our work on the recombination of hydrogen and vacancies. In this
respect we have studied the charged hydrogenated vacancies and divacancies. The full saturation of dangling bond in silicon is a process that is leading to an energy gain of 0.9 – 2.2 eV
per added hydrogen atom depending on the structure of the VnHm type defect in which the
hydrogen has been added.
The recombination barriers between H and vacancy containing centre have been calculated. It has been shown that the migration and the recombination barriers are characterised by
a common value ~0.5 eV, hence the recombination has not notable obstacles compared to the
migration process.
Increasing the number of vacancies in the vacancy containing defects changes the stability features of the defects. 1D multivacancies exhibits minima and maxima for n = 5, 9 and
for n = 4, 7, 10 respectively. The 2D multivacancies exhibit minima for n = 6, 14, 20 and 28.
The accumulation of vacancies exhibits no barrier, however once trapped vacancies they are
not expelled the binding energy increasing with the size of the defect.
We have shown that in the case of 1D defect at the transition to n = 6 there is a drastic
change in stability. The n = 6 is a critical size that size in the 1D case and the structure is not
stable. We imply that due to local stress there is a transition 1D – 2D at n = 6, from the linear
to the hexagonal bath or chair forms.
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Chapter 4 Hydrogen Induced Platelets
In the previous chapter we have studied through first principle calculations various
types of vacancy containing defects. We ended the chapter with the defects whose dimensions
are comparable with the supercell size. The next in the series of defects that have been mentioned in literature are the platelets. The platelets formation is considered to be an important
step for the Smart Cut™ process since on it depends the efficiency of a crucial phase of this
process, the fracture. We dedicate this chapter to the results related to hydrogen-induced
platelet (HIP) obtained by DFT calculations. The chapter is organised in five sections as follows:
In the introduction we discuss what are the main issues motivating the study of HIPs
and the strategy to address these issues. The second section deals with the methodology of
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platelets modelling. In the third section we present the results of our investigation. The fourth
section is dedicated to the discussion of our results and comparison to the works in literature.
The chapter ends with a section summarizing our findings and the conclusions.

1. Introduction
As we shown in Chapter 2 platelets occur in both (100) and (111) plans depending on
the hydrogenation method but essentially on the orientation of the surface of the Si sample.
The majority of platelets in (100) faced samples are parallel to the sample surface. The small
amount of (111) platelets observed in the (100) faced samples are believed to occur due to the
implantation created constraint fields. Our calculations are performed exclusively in full relaxation conditions. In this section we shall focus hence on (100) platelets only.
Though their occurrence conditions are relatively well known, the platelets are still en
enigma from several points of view. Their growth mechanism and their role in the hydrogen
accumulation is less known. The bibliographical review in Chapter 2 showed that several issues related to platelets need to be addressed in order to gain more insight about the hydrogen
induced platelets in silicon. We proceed to the study of platelets in order to address three of
these open questions related to these type of defects, more specifically:
1. The structure and the stability of platelets;
2. The FTIR detected vibrational modes and attributed to internal platelets;
3. The growth mechanism of platelets and in particular the role of molecules
It is well known that the platelets are the most stable defects after the annealing of the
implantation damage of hydrogen implanted samples. The structure of such defects is not yet
totally established, the vibrational spectroscopy results allowing to infer different configurations. These configurations may involve either hydrogenated Si dangling bonds or both hydrogen saturated dangling bonds and molecules. In a first stage it is needed to know which
configurations are stable and by how much with respect to hydrogen atoms and/or molecules
in Si lattice. In this stage we shall answer also to the question whether the HIPs are monolayer or multi-layer structures.
From IR measurements correlated to TEM images, it is believed that the hydrogen
within the planar extended defects in annealed hydrogen implanted silicon are associated in
fact to surface states. This means that within the Si bulk extended surfaces might occur as a
result of the annealing process.
Related to the structure of platelets is the issue of the existence of several types of hydrogenated surfaces: SiHn (n = 1, 2, 3, 4)

1-4

. However one does not know the structure of
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such internal surfaces, if they are necessarily involved in platelets or how they are generated.
In the second stage we shall discuss the stability of platelets and generate more complicated
surfaces such as SiH3 or SiH4.
These surfaces are formed by Si dangling bonds (DBs) that are saturated by H atoms.
The mechanism of such an occurrence is not yet known, several scenarios being, however,
proposed in literature. One of these mechanisms involves vacancy migration and accumulation into the same plan. In this case the issue that is unknown is the exact cause that drives the
vacancies to accumulate into the same plan and not in all three dimensions, without any preference for any crystallographic plan. The other mechanism does not necessarily involve vacancies. It is supposed that hydrogen is the sole driving force that breaks down Si-Si bonds
saturating in the same time the newly created bonds. However, one does not know which species (atoms, molecules) and under which conditions such a phenomenon becomes favourable.
It has been implied from Raman studies that hydrogen molecules accumulate inside
the void space within platelets5. Moreover these molecules would be the driving force for the
platelets growth by applying an important pressure leading to the easier breaking of the Si-Si
bonds and then further saturation with hydrogen. In the final stage of our study we shall study
the stability of molecules inside the platelets. This would allow us to construct possible scenarios for platelets growth based on the energy gain of the transition from one structure to
another.
In order to address the issue raised previously of the stability – structure relation in the
case of platelets and of the molecule stability within the void space delimited by hydrogenated
surfaces we have tested several models constructed directly by adding H atoms to BC sites or
by removing Si atoms in the (100) plan followed by the saturation of the thus produced DBs
and by adding H2 molecules in the void space within platelets.
The issue of SiH3 and SiH4 surface generation is more difficult to address since the
structure of such surfaces has not been yet obtained. We tried to generate the surface by increasing the hydrogen concentration in a (100) plan and then relaxing such structures. In order
to obtain new structures, the models obtained through a first relaxation have been modified
and a second relaxation has been performed. This secondary method enriched significantly the
collection of surfaces with stable structure.
However, the platelets modelling in three periodic conditions exhibit some peculiarities that will be discussed extensively in the next section together with the computational details associated to the ground state energy calculation of such structures.
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2. Platelets Modelling
The final step of our study on the stability of hydrogen related defects in silicon came
naturally when we have reached the limit of our modelling supercell. In the previous chapter
we have investigated a number of self-defects up to multi-vacancies. We have noticed that V36
in 2D was in fact an infinite void space. By this structure we have reached the limit of our 216
atoms (3×3×3 supercell). More exactly the limit size of such a structure is three times the size
of the conventional cell, that is ~16 Å. It is hence impossible to model defects whose size is
greater that 16 Å because in a 216 supercell they are actually infinite size objects due to
boundary periodic conditions.
This section is divided into five subsections. In the first subsection we discuss the size
issue in the case of platelets, more exactly the reasons for considering platelets as infinite objects and the consequences of such working hypothesis. The second subsection deals with the
implementation of the work hypothesis of a platelet as an infinite object. In the third subsection we derive the formulas of two types of energy for platelet structures and we discuss their
use in the present study. In the fourth subsection we present the initial structures we have relaxed and, finally, in the fifth subsection we present the results of the relaxation of these initial structures.

2.1 Size issue
The platelets size are at least one order of magnitude greater compared to other defects
studied in the previous chapter. Platelets are almost relatively large (~10 – 100 nm) nanometric objects, while the defects studied up to now are objects of atomic scale (1Å = 10-10 m),
hence platelets are four orders of magnitude greater than the point defects. These are defects
that cannot be normally modelled in supercells of reasonable size (few hundreds of atoms).
First principles calculations performed in supercell configurations involving more than 512
atoms are extremely time consuming.
A way to avoid such difficulty is to model platelets of limited dimension by infinite
planar objects thanks to the three-periodic conditions (Figure 37). By this we neglect the
boundary effects and we make the reasonable assumption that the calculated structural and
energetic properties of such an infinite extended defect may account for the properties of a
real platelet. Moreover neglecting the border effects means actually neglecting the kinetic
processes at the ends of the platelets. This assumption is still valid since the study in this
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chapter concerns the stability of defects and not the kinetic processes leading to their formation.

bulk
platelet

(a)

(b)

Figure 37 (a) Platelets size is limited by the finite dimensions of a supercell and (b) modelling an infinite
platelet in a finite size supercell.

The implementation of such a hypothesis needs some adaptations of the computational
details with respect to those employed in the previous chapter.

2.2 Computational details
The main modification that has been introduced with respect to the previous chapter
was the size and the form of the supercell used in the calculations. The three periodic boundary conditions are favourable to model the infinite object in Figure 37b in two dimensions.
However platelets need to be separated on the third dimension perpendicular to the plan within which they lie. This separation is achieved by increasing the cell size on this particular direction. Instead of using cubic box (3×3×3), like in the case of defects we have studied up to
this moment we choose to use elongated (or parallelepiped-type supercells) of 1×1×n type
(Figure 38). Hence, by increasing the supercell size the interaction between a platelet and its
images generated by three periodic conditions can be reduced.
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Figure 38 Separation of platelets by increasing the supercell size in a single direction perpendicular to the
platelet-containing plan. In yellow we have represented the Si atoms in bulk and in Bordeaux red the hydrogen platelet.
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Figure 39 Convergence test results for the case of hydrogen in BC platelet model.
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The platelet structure is then relaxed during the calculation of the ground state energy
of the respective system. Hence, the other computational details are identical with those presented in the computational detail section of the previous chapter, with the sole exception of
the supercell geometry. In order to find out the optimal supercell size we have performed a
convergence test by systematically increasing the size of the supercell for several structural
configurations.
In Figure 39 we present the results of this convergence test. In this figure we have
plotted the formation energy per hydrogen atom in such a structure. We have checked the
formation energy for the supercell sizes going from c = a to c = 15a. We detail how this energy is calculated and what these values mean in the next section. The plot shows that the formation energy per hydrogen atom tends to converge when the supercell size (on the perpendicular direction) is ten times greater than the conventional cell lattice constant (~54.3 Å).
Similar results have been obtained in the context of this work for other two more complicated
values involving hydrogenated dangling bonds and molecules. We considered that 1×1×10
size supercell is enough to obtain reasonably converged structures.
This choice has been permanently checked for most of the structures. More exactly,
convergence tests have been carried out in the case of platelets containing vacancies and both
vacancies and molecules. The 1×1×10 (c = 10a) supercell proved to be the dimension for
which the formation energy converged in the case of these other types of platelets. The presence of molecules and vacancies in the structure of platelets does not affect the convergence
process. One can say that the presence of such building blocks in platelets structure does not
lead to the increase of the distance for which the platelets interaction with its images is negligible.

2.3 Energy Calculations
Calculation of energy quantities in the case of platelets is less straightforward than in
the case of point defects or limited size defects. These quantities depend on the reference with
respect to which they are calculated. In order to facilitate the understanding of the energy calculation formulas we derived, we shall use a set of symbolic images illustrating the initial and
finals states modelled by the supercell employed in our calculations. We have calculated energies of different supercells that are represented symbolically in Figure 40 and that can be
used as reference states.
We have therefore four reference states that have been modelled starting from the perfect 216 atoms (3×3×3) supercell. The four reference states are: the bulk modelled by the un134

modified 3×3×3 supercell (Figure 40a), the vacancy modelled by removing one Si atom from
the 3×3×3 supercell (Figure 40b), the hydrogen atom modelled by inserting a H atom in the
BC site in the 3×3×3 supercell (Figure 40c) and the hydrogen molecule modelled by inserting
a H2 molecule in T site in the 3×3×3 supercell (Figure 40d).
(216, 0)

(215, 0)

(a)

(216, 1)

(216,2)

HBC

H2

(c)

(d)

(b)

Figure 40 Symbolical representations of the 3×3×3 supercells and of the reference states. The numbers in
the brakets are the number of Si atoms and H atoms in the supercell, respectively: (a) the Si bulk; (b) the
Si vacancy; (c) one hydrogen atom in the BC site; (d) one hydrogen molecule in a T site.

(8n, 0)

(8n, m) (8n – k, m)

(a)

(b)

(c)

Figure 41 Symbolical representation of (a) 1×1×n type supercells and of platelets modelled in this type of
supercells : (b) hydrogen only platelets and (c) vacancy containing platelets.

In Figure 41 we have represented symbolically the platelet states modelled in a
1×1×10 supercells. These defects have been modelled starting from supercells containing 80
atoms (Figure 41a). As a reference state the bulk (the energy of a Si atom in the Si bulk or the
cohesion energy), the supercells in Figure 40a and Figure 41a are absolutely identical. Hydrogen has been introduced into these cells in atomic or molecular forms in order to form hydrogen only platelets (Figure 41b). Vacancies have been created (red band in Figure 41c) by removing one layer or two layers of Si atoms and then the remaining DBs have been saturated
with the corresponding number of H atoms.
These reference states can serve for the calculation of different types of energies of
platelets structures. The two types of energy that are pertinent for the case of H inserted in the
Si matrix are:
1.

The formation energy with respect to HBC and no pre-existing vacancies.
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2.

The formation energy with respect to HBC and pre-existing Si vacancy.

The first energy is suitable to analyze how hydrogen behaves in the absence of vacancies. The second type of energy is more pertinent for the case of hydrogen implanted samples
because it takes into account the presence of vacancies that are produced during the irradiation. Let us compute these two formation energies.
In order to calculate the formation energy with respect to HBC one uses the scheme in
Figure 42. According to this reaction scheme, the total formation energy of the platelet reads
as follows:
EFplatelet

(4.2.1)

H BC

= E platelet + xE bulk 3´3´3 - mE H BC - E bulk 1´1´10

whereas, E is the symbol for the ground state energy of the system in the superscript: platelets, cubic supercell bulk, hydrogen atom in the BC site and the parallelepipedic supercell
bulk, respectively. The two bulk energies are proportional with the number of the atoms in the
supercell, the proportionality constant being the Si cohesion energy. Hence the relation between the two energies is the following one
E bulk 1´1´10 =

(4.2.2)

m

HBC

(216, 1)
H in BC state

+

80 bulk 3´3´3
E
216

à

(80, 1)
Bulk state (80 atoms)

+

(80 – k, m)
Platelet

x

(216, 0)
Bulk state

Figure 42 Calculation of the formation energy of a platelet with respect to hydrogen atoms in BC site.

The unknown value of the coefficient x in (4.2.1) is found out when making the balance of Si atoms of the reaction in Figure 42, which reads as follows:
(4.2.3)

216m + 80 = 80 - k + 216 x

hence,
(4.2.4)

x =m+

k
216

Introducing (4.2.2) and (4.2.4) in (4.2.1) we get:
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EFplatelet

(4.2.5)

80 - k ö bulk 3´3´3
æ
= E platelet + ç m - mE H BC
÷E
216 ø
è

H BC

The formation energy with respect to the vacancy and the hydrogen atoms is calculated analogously, but using this time the scheme in Figure 43.

m

HBC

à

+ k

(216, 1)

+

y

(80 – k, m)

(215, 0)

(216, 0)

Figure 43 Calculation of the formation energy of a platelet with respect to hydrogen atoms in BC site and
the Si vacancies.

The total formation energy of a platelet with respect to the hydrogen atoms in BC sites
and Si vacancies reads as follows:
EFplatelet

(4.2.6)

H BC ,V

= E platelet + yE bulk 3´3´3 - mE H BC - kEV

Whereas in (4.2.6) the new EV is the energy of a vacancy in a 3×3×3 supercell. The Si atoms
balance necessary to calculate y in (4.2.6) is:
216m + 215k = 80 - k + 216 x

(4.2.7)
leading to

y =m+k -

(4.2.8)

80
216

Introducing (4.2.8) in (4.2.7) leads to

EFplatelet

(4.2.9)

H BC ,V

80 ö bulk 3´3´3
æ
= E platelet + ç m + k - mE H BC - kEV
÷E
216
è
ø

The energies expressed in (4.2.5) and (4.2.9) are total formation energies of a defect.
In order to compare the platelets model among them as well as for comparison between hydrogen in platelet state and the isolated hydrogen state, one has to use the formation energy
per hydrogen atom. This energy is obtained by dividing the total energies in (4.2.5) and
(4.2.9) by m, thus
(4.2.10)

E% Fplatelet

H BC

=

1 é platelet æ
80 - k ö bulk 3´3´3 ù
E
+çm- E H BC
÷E
ê
ú
më
216 ø
è
û
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and
(4.2.11)

E% Fplatelet

H BC ,V

=

1 é platelet æ
80 ö bulk 3´3´3 ù æ H BC k V ö
E
+çm+ k ÷E
ê
ú -ç E + m E ÷
më
216 ø
è
ø
û è

respectively.
One observes that (4.2.10) is the particular case of (4.2.11) for k = 0. Obviously, the
energies given by (4.2.10) and (4.2.11) are identical in the case of platelets model that do not
contain any vacancies. In the case of the vacancy containing platelets the difference:
(4.2.12)

E% Fplatelet

H BC ,V

- E% Fplatelet

H BC

=

k æ 215 bulk 3´3´3
ö
E
- EV ÷
ç
m è 216
ø

meaning that the energy gain for the formation of platelets from an initial mixture of vacancies and hydrogen atoms (the implantation damage) is greater than when platelets are formed
from hydrogen atoms only (as in the case of for example of systems created by high pressure
hydrogen permeation or by plasma exposure). This difference in energy gain is due of course
to the energy necessary for the creation of the vacancies in the second case.

2.4 Initial platelet structure
Prior to the presentation of the platelets energy one needs to present rigorously the
platelets in this chapter from structural viewpoint. The platelet structures presented in this
chapter are obtained through the relaxation of different initial structures. These initial structures have been constructed using as building blocks the elementary hydrogen states in silicon
that is hydrogen atoms, diatomic structures and hydrogenated Si dangling bonds in vacancies.
In total we have relaxed over 30 initial structures in the search of the most stable platelet
structure. We emphasize from the beginning that not all these structures lead to pertinent
structures. We add also an important fact: the relaxation of the structures obtained by direct
construction of configuration was not the only method to generate platelets models. In our
search for specific structures we have added atoms or molecules to the relaxed structures and
then performed another relaxation process. We shall specify explicitly each time when a second relaxation is performed.
In the first step we have constructed hydrogen only platelets involving hydrogen atoms
or diatomic structures. Hydrogen atoms only platelets were imagined as infinite structures
containing hydrogen atoms in BC sites within a plan parallel to (100), as showed in (Figure
44a). Diatomic structures that were considered as building blocks for hydrogen only platelets
are H2 interstitial molecules in the T or Hex sites and H2 * diatomic complexes (Figure 44b).
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These structures have been also relaxed and as it will be shown in the next section it will lead
to the same result (relaxed structure).

(a)

(b)

Figure 44 No dangling bonds infinite initial structures used to generate platelet structures: (a) hydrogen
atoms only platelets (à Figure 47a); (b) diatomic structures containing platelets (àFigure 47b).

The second type of infinite structures being derived from the elementary structures of
hydrogen in Si are the models containing hydrogen saturated dangling bonds. The dangling
bonds can be generated by the removal of one or two Si atoms layers from the Si lattice.
In order to investigate the possibility of other structures we have tried to generate them
by relaxing hydrogen suprasaturated configurations obtained by agglomerating hydrogen atoms and molecules around Si atoms in (100) plane.

(a)

(b)

Figure 45 Hydrogen atoms and molecules saturating all the sites around (100) Si atoms: (a) one layer of
H2* complexes associated to the same Si atom and H2 molecules in the T sites adjacent to this structure, (b)
hydrogen atoms in the BC sites adjacent to SiH2 surfaces based platelets.
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Hydrogen atoms have been placed in most of the AB and BC sites around Si atoms.
Additionally, in other structures (not represented here) molecules have been placed in T sites
near the vacancy or no vacancy containing platelets.

2.5 Relaxation of Structures
Out of the 30 initial configurations we have generated only 18 final configurations
have been retained. We present in this section the geometry of the relaxed structure. The discussion of their energies is postponed to the next section. The relaxation of most of suprasaturated initial structures lead to aberrant configurations. The structures having been ruled out
from the presentation are those exhibiting abnormal features like that given as example in
Figure 46b generated by the relaxation of an oversaturated initial structure (Figure 46a).

Figure 46 Example of ruled out aberrant structure: (a) initial structure (2×1×1 surpercell); (b) final structure (2x2x1 supercell).

0.05 eV
(a)

-0.96eV
(b)

Figure 47 Hydrogen only structures: (a) Si-HBC structures; (b) SiH2/SiH2 spontaneously created surfaces.
Their energy is calculated with respect to HBC configuration.

The relaxed structure exhibits “floating” silane-like configurations surrounded by H2
molecules. Such structures do not correspond anymore to a defect within a crystal and hence,
correspond much more less to a platelet structure.
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The initial structures containing only hydrogen atoms relaxed in different modes. The
infinite plan of HBC atoms lead only to the relaxation of the Si atoms in the adjacent layers
(Figure 47a). The infinite structures involving diatomic complexes: interstitial molecules in
the T and Hex files or H2* complexes evolved through relaxation into spontaneously created
SiH2/SiH2 surfaces presented in Figure 47b.

-0.97eV
(a)

-0.75eV
(b)

-0.88eV
(c)

Figure 48 (a) SiH3/SiH2 surface; (d) Si2H3/SiH2 surface; (e) hydrogen molecules inside the SiH2/SiH2 surface represented in Figure 47b (SiH2/H2/SiH2). Their energy is calculated with respect to HBC configuration.

Since the structure in Figure 47b exhibit an important stability, we have decided to derive some other structures from it. The first structure (Figure 48a) has been derived by adding
H atoms in the void space in Figure 47b close to one of the surface. Through relaxation these
H atoms bounded to the Si atoms in the surface. Next we have removed the added atom and
relaxed again. A reconstruction of the SiH3 surfaces has been observed (Figure 48b). In the
void space in Figure 47b we have added H2 molecules and relaxed the new structure again.
Additionally to the increased distance between the surfaces, it was observed that the SiH2
groups tilted with respect to their initial position prior to H2 addition.
One of the hydrogen atoms in a SiH2 surface of the SiH2/SiH2 configuration (Figure
47b) has been removed from the surface and placed in an AB site outside the platelet and the
so-obtained structure has been relaxed leading to the configuration in Figure 49a.
Two atoms have been removed from the SiH2 surface of the configuration in Figure
47b and placed in the AB sites but on opposite side and then the so-obtained structure has
been relaxed leading to the configuration in Figure 49b. The hydrogen defective surface has
been reconfigured (the superior surface in Figure 49b), while SiH3 groups appear within the
opposite surface.
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-0.86 eV
(a)

-0.69 eV
(b)

-0.99 eV
(c)

Figure 49 Hydrogen outside platelets: (a) hydrogen atoms adjacent to SiH2/SiH2 in Figure 47b
(SiH2/SiH2/H); (b) hydrogen atoms adjacent to a SiH3 containing model (Si2H/SiH3/2H); (c) hydrogen molecules adjacent to a SiH3 containing structure in Figure 48a (SiH2/SiH3/H2). Their energy is calculated
with respect to HBC configuration.

Hydrogen molecules have been placed outside a SiH3/SiH2 structure (Figure 48a) in
the T sites adjacent to the SiH3 surface (Figure 49c). Adding hydrogen molecules in the void
space inside the structure in Figure 49c does not change the hydrogenation state of the surfaces of the configuration (Figure 50b).

-0.95 eV
(a)

-1.07 eV
(b)

Figure 50 Hydrogen molecules inside and outside the platelets: (a) hydrogen molecules layers inside and
outside a SiH3/SiH2 configuration (H/H2/SiH3/H2/SiH2); (b) hydrogen atoms outside a SiH3/SiH2 configuration containing a layer of H2 molecules (H/SiH3/H2/SiH2). Their energy is calculated with respect to HBC
configuration.

The relaxation of the structures obtained through hydrogen saturation of the DBs produced by the removal of one or two Si layers did not lead to dramatic changes. The structures
are very much similar to the initial ones the relaxation involving only a reconfiguration of the
void space between the generated surfaces (Figure 51).

142

Like in the case of the surfaces generated by the relaxation of initial structures involving diatomic complexes we have investigated the stability of molecules inside the void space
of such structures. It has been observed that when H2 molecules are introduced between the
SiH2 plans, the SiH2 tilt with respect to the initial position when no molecule was inserted
(Figure 52).
We have introduced one layer of H2 molecules or two layers of H2 molecules inside
the void space between the SiH2/SiH2 surfaces created by Si layers removal. Initially all the
molecules have been oriented on the [111] direction (Figure 52a). In the case of the surfaces
obtained by the removal of a single Si layer only (V1H4), adding a second layer of H2 molecules in [111] followed by a second relaxation led to the re-orientation by a slight rotation of
the molecules in the second layer (Figure 52b). This phenomenon is not observed in the case
of the similar structure derived from the structures obtained by the removal of two Si layers
(V2H4), see Figure 52c and d .

-0.96 eV
-1.85 eV
(a)

-0.96 eV
-2.75 eV
(b)

Figure 51 Vacancy containing defects: (a) V1H4 structure obtained by removing one layer of Si atoms; (b)
V2H4 structure obtained by removing 2 layers of Si atoms. The number in black is their energy calculated
with respect to HBC configuration and the number in red is the energy calculated with respect to both HBC
and isolated V configurations.

Since rotation of molecules in the void tends to minimize the energy during relaxation
we have investigated if changing the orientation of molecules inside platelets leads to a decrease in energy. It has been observed that, in the case of the V1H4 platelet structure (Figure
51a), when one changes the orientation of one of the molecules (from the [111] direction into
[100] direction), the energy decreases (Figure 52e). However, the same change has a different
effect in the case of molecules inside a V2H4 structure (Figure 52f).
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-1.04 eV
-1.64 eV
(a)

-1.08 eV
-1.98 eV
(d)

-1.09 eV
-1.53 eV
(b)

-0.96 eV
-1.85 eV
(e)

-1.06 eV
-2.25 eV
(c)

-0.97 eV
-1.86 eV
(f)

Figure 52 (a) one layer of H2 molecules inside V1H4 structure (VH4/ H2); (b) two layers of H2 molecules
inside a V1H4 structure (V1H4/2H2); (c) one layer of H2 molecules inside a V2H4 structure (V2H4/H2); (d)
two layers of H2 molecules inside a V2H4 structure (V2H4/2H2); (e) one layer of H2 molecules inside V1H4
structure, half of molecules being 90° rotated ([V1H4/H2]*); (f) mixture of H2 molecules in different directions ([V2H4/H2]*).

3. Energy Results
In Figure 47- Figure 52 the first energy is calculated by (4.2.10) with respect to HBC,
while the second energy (in red) is calculated using (4.2.11) (hence it is expressed with respect to HBC and Si vacancy). Except the first structure (Figure 47a), all the structures exhibit
negative formation energy per hydrogen atom with respect to both hydrogen atoms in BC
only and with respect to hydrogen atoms in BC and Si vacancies. This rough preliminary result means that hydrogen and vacancies can cluster into structures in order to lower their energy with respect to the isolated state.
However the isolated atomic state is not the most stable one in silicon. Hydrogen tends
to form molecules within the Si bulk rather than staying in monatomic state. The formation
energy of a H2 molecule with respect to the H in BC site is -0.77 eV. This is a “threshold”
energy for the stability of the platelets models we present. Though, such platelets structures
might be preferable to the monatomic state, the structures in which the formation energy per
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hydrogen atom is greater than this value are ruled out being less favourable than lower energy
molecular state.
The first structure we have studied is the one built up by an infinite arrangement of
HBC atoms in a (100) plan (Figure 47a). The lattice relaxes by 5% in terms of lattice constant.
This structure might be very intuitive since HBC is the minimal energy atomic configuration
but it proves to be highly unstable. The energy per hydrogen of such structure is 0.05 eV with
respect to HBC. Though this value seems very small, actually is a measure of the enormous
energy needed to create an infinite arrangement of a platelet of this kind.
In particular, this structure is the only one which does not contain hydrogenated dangling bonds. All the other platelets do contain hydrogenated dangling bond surfaces and they
are more stable than this structure. We may conclude hence that the platelets themselves are
structures that involve internal surfaces formed by SiHn in different configurations.
In this moment we may try to classify the platelets models in totally relaxed configurations we have generated into two great classes:
I.
II.

Models containing no dangling bond (Figure 47a)
Models containing hydrogen saturated Si DBs (all the other methods presented
in this sub-section, except that in Figure 47a).

Such first-hand approximation is not a good one since the configuration in Figure 47a
is not stable. Hence another way to classify valid the platelets models falling exclusively in
the second category are the following ones:
1. Models containing only hydrogen saturated dangling bonds surfaces.
i) Surfaces generated by the presence of hydrogen only (Figure 47b, Figure 48a, b);
ii) Surfaces generated by Si atoms removal or by vacancy production (Figure 51);
2. Models involving hydrogen saturated surfaces limiting a hydrogen molecule containing space.
i) H2 molecules bounded by the surfaces generated by the presence of hydrogen only
– no vacancy involved (Figure 48c)
ii) H2 molecules inside the void space generated by Si atoms removal (Figure 52).
3. Models involving hydrogen atoms or molecules outside vacancy containing platelets
(Figure 49). In this category we have study only the case of surfaces generated in absence of vacancies.
4. Models involving hydrogen molecules both inside and outside of the vacancy containing platelets (Figure 50). Like in the case of the previous category we have study the
vacancy free models only.
145

The presentation of the results in this section is organised following the abovepresented classification.

3.1 Models containing surfaces only
Placing H2 * complexes (Figure 44b) or interstitial molecules H2 (in T and Hex sites) in
a (100) plan leads to the spontaneous formation of a configuration containing hydrogen dangling bonds (Figure 47b). The energy of such structure is -0.96 eV/H atom showing that this
structure is favourable: hydrogen prefers to be bounded to DBs in (100) configurations which
is -0.19 eV/H atom lower than the H2 interstitial configuration.
Placing a hydrogen atom in the void space in Figure 47b leads to the increase of the
separation space between the two surfaces (Figure 48a). The presence of hydrogen leads to
the breaking of a Si – Si bond and the creation of a SiH3 surface. Due to steric constraints half
of the SiH3 groups are slightly tilted with respect to the others. The energy of such a structure
is -0.97 eV/H atom, quite close to the SiH2/SiH2 configuration in Figure 47b. However the
energy gain from passing from one structure to another is -1.01 eV, in the favour of the
SiH3/SiH2 configuration.
Removing only one H atom from the superior surface of the SiH2/SiH2 structure
(Figure 47b) and then relaxing the newly obtain structure, one assists to a reorganisation of
the Si surface and to the creation of a higher energy (-0.75 eV) configuration of the type
Si2H3/SiH2 (Figure 48b). This configuration is 0.02 eV/H atom higher than the H2 in T configuration, which is actually enough to rule it out.
We pass now to the presentation of the results regarding the vacancy containing defects in Figure 51. Under each configuration there are two energies: the first energy is that
calculated through equation (4.2.10) and the second energy that is calculated through the
equation (4.2.11). All the energies per H atom with respect HBC only are lower than the energy of the interstitial H2 molecule. Following the equation (4.2.12), the energy gain is more
significant with respect to a system of non-interacting HBC and Si vacancies.
The most straightforward configurations containing vacancies are those obtained by
removing one layer of Si atoms and saturating the DBs by H atoms. The energy of H atoms
within the two configurations in (Figure 51a and b) is the same (-0.96 eV) as that of the structure obtained without removing any layer of Si atoms (Figure 47b) and the SiH2 groups are
separated by the same distance. This means that the structure of the Si-Si interface does not
count for the platelet energy. However with respect to an implantation damage system, the
V2H4 configuration is more stable (by 0.90 eV) with respect V1H4 configuration.
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3.2 Molecules Inside the Vacancy Containing Platelets
Adding molecules inside the spontaneously created SiH2/SiH2 structure in Figure 47b
leads to a further spacing between the two surfaces (Figure 48c). Structurally one observes
that the SiH2 groups are slightly tilted due to steric constraints imposed by the accommodation of molecules. The energy of such a configuration (-0.88 eV/H atom) is greater than the
perfect SiH2/SiH2 configuration, but still low enough to make this configuration more favourable than the interstitial H2 molecule.
Introducing molecules in the void space of the V1H4 type structure (Figure 52a) decreases (by 0.08 eV) the energy with respect to HBC, but increase (by 0.19 eV) it with respect
to HBC and the Si vacancies. The decrease of the energy with respect to HBC is due to the formation of molecules that are more stable than the H atoms. The increase of the energy with
respect to HBC and V is due to the fact that H in H2 state is less stable than the Si-H bond itself. The trend stays the same when one adds another H2 molecule layer in order to obtain the
VH2/2H2 configuration in Figure 52b.
A similar behaviour is encountered when in creating configurations in Figure 52c
(V2H4/H2) and d (V2H4/2H2) by adding one layer and two layers of H2 molecules, respectively
into the void space of the V2H4 configuration.
The energy per H atom of the configuration in Figure 52e is identical to that of the
V1H4 configuration. Comparing the configurations in Figure 51e and a, one can derive the
rotation energy of an additional H2 molecule inside a V1H4 platelet, that is -0.21 eV in the
favour of the structure in Figure 51e. Not the same thing happens when molecules are slightly
rotated inside a V2H4 system (Figure 51f). The energy of such a system is greater that of Figure 51d, in which all the molecules are all aligned on the same directions.
Up to this moment we have presented the results related to four vacancy-containing
configurations in which H2 molecules have been inserted. We have in fact four configurations
(Figure 52a-d) with hydrogen inside the platelets structures that have been generated previously either through silicon atoms removal or through spontaneous relaxation of molecules
structures in the platelets. We can, hence, calculate the energy of hydrogen molecules inside
the platelets with respect to one of the references we have used during this work. The first
obvious choice would be the similar structural peer of H2 molecules inside the platelet, the
interstitial molecule in the T site. We have calculated such energy in all four cases. The energy of molecules inside these configurations is around -0.8 eV with respect to the interstitial H2
in the T site. This value remains constant for all four considered configurations, being inde-
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pendent of the platelet structure. This result shows that hydrogen atoms would prefer to form
molecules inside platelet void space rather than in the T sites. Moreover, this is a sign that the
molecules inside the platelets do not interact among them or with the surfaces of the platelet.
They form an independent structure that can be assimilated to a gas-like state of H2 molecules.

3.3 Hydrogen Outside the Vacancy Free Platelets
Additional hydrogen outside these extended structures leads to the destabilisation of
platelets. The configuration in Figure 49a obtained from the spontaneously generated
SiH2/SiH2 structure in Figure 47b is 0.10 eV higher than the un-perturbed configuration.
The energy of the second configuration (Figure 49b) generated from SiH2/SiH2 structure in Figure 47b is -0.69 eV lower with respect to HBC which rules it out, H2(T) being more
favourable.
The SiH3 surface is stable in the presence of H2 molecules (Figure 49c) and the energy
gain of such configuration is -0.03 eV/H atom with respect to the un-perturbed SiH3/SiH2 defect (Figure 48a).

3.4 Hydrogen Molecules Outside and Inside Vacancy Free Platelets
Hydrogen molecule insertion inside the structure in Figure 49b decreases significantly
its energy by 0.26 eV (Figure 50a)
Adding hydrogen molecules in the void space inside the structure in Figure 49c decrease the energy by 0.08 eV and does not change the hydrogenation state of the surfaces of
the configuration (Figure 50b).

4. Discussion
The discussion section is formed by two parts. In the first part we discuss qualitatively
our results. The theoretical literature on platelets is not very rich, but a comparison with the
only recent paper will be provided.
The second part is devoted to the comparaison with the experimental results: the electron microscopy and the vibrational spectroscopy. In the case of the vibrational spectroscopy
there are two issues emerging from the literature data: the issue of the structure of detected
internal surfaces (IR spectroscopy) and the issue of H2 molecules inside platelet void space
(Raman spectroscopy).
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4.1 Summary and Qualitative Analysis
Prior to passing to the discussion of our results we find useful to summarise in few
lines the results we have presented in this chapter:
1) Platelets relaxed structures have been obtained by the relaxation of both suprasaturated
initial configurations and by a second relaxation of already relaxed structures that have
been modified by adding hydrogen atoms or molecules. When concentrations reach more
than 4 H atoms/Si atom then the formation of platelets structures is impossible. The relaxation of the structures in which we have placed more than 4 H atoms per Si atom in a
(100) plan led to aberrant structures that have been ruled out.
2) All pertinent platelets configuration exhibit SiHn surfaces of one type or another.
3) The most probable surface state configurations are the SiH2/SiH2 structures generated either spontaneously by the relaxation of infinite initial structures of diatomic complexes (1
configuration) or by Si atoms removal and further saturation by H atoms (2 configurations). Though structurally different, H has the same energy in each of the three configurations (-0.96 eV/H).
4) SiH3/SiH2 structures have been generated by simply adding one H atom in the neighbourhood of one of the surfaces in the SiH2/SiH2 configuration. This configuration is stable in
the presence of hydrogen molecules inside and outside the void space of the platelet containing them.
5) The hydrogen molecules outside structures tend to destabilize the surface containing structures. The molecule formation energy inside platelets is independent of platelet structures.
The V1H4 configuration involving H2 molecules exhibits lower energy when not all H2
molecules are oriented in the same direction.
6) Hydrogen molecules tend to be created inside platelets, forming hence a gas, rather than
outside platelets in the tetrahedral sites.
The major result in this chapter is that hydrogen prefers essentially to create surfaces
inside the Si bulk. The three configurations: one involving no vacancies and two involving
vacancies are equivalent in terms of formation energy (-0.96 eV) calculated with respect to
HBC (no pre-existing vacancies).
In the case of the structures created by the removal of one or two Si layers, the energy
gain favours tremendously the second structure. The enormous energy gain (per H atom) of
1.85 eV and 2.75 eV respectively shows that the platelets are actually self-building vacancy
sinks: both vacancies and hydrogen species are stabilised by joining these structures.
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Our results show actually that the presence of hydrogen atoms and molecules outside
the platelet tend to destabilise the platelets. Such structures exhibiting hydrogen outside the
void space are less stable than the structures containing hydrogen molecules inside. This
means that, nearby a platelet hydrogen tends immediately to be incorporated into that platelet
in order to saturate a dangling bond in a platelet and afterwards and when the DBs salutation
is finished to form molecules inside a platelet.
Hydrogen insertion inside platelet void space tend to destabilise the platelet. However
the energy of the H2 including structures favours their formation. Such energy considerations
confirm the model of a H2 driven growth of platelet and, further of the fracture. In such a
model H2 molecules were created inside the platelets by systematically capturing all the hydrogen species (atoms or molecules) inside the bulk. The H2 molecules form a gas, whose
pressure would further increase the size of the platelet in the (100) plan and increase the spacing between the two surfaces of the platelet leading finally to the fracture.
Most of the structures proposed within this chapter are lower in energy than the H2
molecules in interstitial sites. This enters in a flagrant contradiction with the results reported
by Martsinovich et al.6 who report that all models have an energy value greater than the H2
molecule in the T site. The calculations parameters used by these authors are: 18 Si atom
supercell, 2´2´4 k-space sampling in a Monkhorst-Pack scheme and a Gaussian functions
basis set. We claim a greater precision than this calculations since we have used 80 Si atoms
supercell, a 6´6´4 Monkhorst-Pack k-space sampling scheme and a set of suitable and welltested numerical atomic orbitals.

4.2 Comparison with Experiments
Our platelets do not involve more than one or two layers of Si atoms, in the sense that
we do not remove more than two layers of Si atoms to form the platelet. The distance between
the surfaces does not exceed the two interplanar distances. The lattice volume expansion (57%) of the supercell containing these structures are in good agreement with the values (~10%)
obtained from the models of extended defects involving 1-2 Si layers derived from the
HRTEM observations7-9.
All the stable structures contain hydrogen saturated dangling bonds forming SiHn type
surfaces. The IR spectra exhibit two types of peaks that are persistent in the annealed temperatures: but within the community one distinguishes between internal surfaces and the
platelet peaks. In the light of our findings such a distinction might appear somehow artificial
since all platelets contain hydrogen saturated internal surfaces.
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The SiH2/SiH2 structures, for example, are different one of the other by their relative
position of the opposite surfaces. One distinguishes in this respect the following configurations; the configuration surface (Figure 47b), the mono-vacancy containing surface (Figure
51a) and the bivacancy containing surface (Figure 51b). To all these structures one adds also
the tilted SiH2 groups specific to the H2 containing platelets. A distinction between such surfaces would be possible If a systematic study of the corresponding vibrational modes is performed.
Within the IR literature regarding the H implanted Si one presents peaks that are associated to internal surfaces of various structures: SiH, SiH2, SiH3 and even SiH4. There are
several peaks that are visible in the IR spectrum associated to these groups as follows: SiH
(20882, 3, 21102, 21232, 4 and 214510 cm-1); SiH2 groups (20991, 3, 21103 and 21361 cm-2), SiH4
(21901, 10 cm-1).
The models we have generate exhibit surfaces formed either by SiH2 or by SiH3
groups. The SiH2 group may be parallel to the (100) plan (we refer here to the direction of the
H-H line of the group, see Figure 51b) or tilted (the H-H line is not parallel to the (100) plan,
see Figure 51c). These different configurations of SiH2 lead to different vibrational modes
that will be visible in the IR spectrum. The open question is which of these SiH2 configurations corresponds to which frequency. The answer to this question might be provided by a
systematic calculation of vibrational frequencies of SiH2 configurations.
Similarly to the SiH2 surfaces, half of the SiH3 groups in a SiH3 containing surface are
tilted (see Figure 47c) due to steric constraints. Moreover, in the absence of molecules SiH3
surfaces appear only in the presence of the SiH2 surfaces. The relaxation of the SiH3/SiH3
structure leads to the formation of a SiH2/SiH2 structure containing one layer of H2 molecules
inside (SiH2/H2/SiH2). Moreover the relaxation of the structures of SiH3/SiH2 in which we
have placed an atom in the void space leads to the formation of the same SiH2/H2/SiH2. We
infer from this behaviour that the SiH3/SiH2 structure might be an intermediary state prior to
the formation of hydrogen molecules inside the SiH2/H2/SiH2. SiH3 surfaces tend to be very
stable in the presence of H2 outside and/or inside the platelet that contains them.
Among the SiHn groups reported in the literature we fail to generate clear structures
for SiH (20882, 3, 21102, 21232, 4 and 214510 cm-1) and SiH4 (21901, 10 cm-1). We attempted to
create such a surface by removing one H atom from a SiH2. However the relaxation of such a
structure lead to the creation of new Si-Si bonds inside the surface plan, but one of the hydrogen atoms saturating the dangling bond prefers the BC site of the newly creating DB. Some of
these authors studying the SiHn structures 2, 32, 4 argue that a surface reconstruction takes place
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in analogy with the hydrogenated free surfaces exhibiting such reconfigurations. However,
eventual surface reconstructions inside the Si bulk would be driven by local constraints field
due to crystal damage or by the presence of molecules around the surfaces. More explicitly
the minimization of energy by surface reconstruction is driven inside the bulk by factors than
are different than in the neighbourhood of a free surface.
All the attempts to generate a stable SiH4 structure inside the bulk by placing H atoms
either in BC sites or in AB sites have failed. The relaxation of such structure leads to the formation of SiH4 molecules “floating” inside the bulk, a structure of extreme high energy and
never detected by any experimental means, hence ruled totally out from the possibility. If a
SiH4 surface exist then it has to have an asymmetric structure and we suppose that a SiH2 surface with H2 outside or inside might be an appropriate description.
The calculated energy of a H2 inside the platelet with respect to a H2 molecule in an
interstitial T site is around – 0.8 eV showing that H2 molecules are more stable inside the
platelet than outside. Moreover this value has been calculated in the case of all H2 – containing platelets and it has been found that the value is almost constant. The hypothesis of a gas
inside the void space of a platelet is hence confirmed. Moreover, it has been shown that the
molecules are not always aligned in the same direction and a combination of different orientation of the H-H bonds inside the platelet leads to a smaller energy. The H2 molecules might
form a gas inside the platelets. The features of such gas could be fully specified by the calculation of the free energy. Our calculations report only the internal energy at 0 K, while for the
calculation of the free energy one needs the vibration and configuration entropy terms. The
increase of molecules number inside the platelets leads to the increase of pressure. The increase of pressure is the main driving force for the platelets evolution to internal voids containing molecules since it is the main cause of the increase of the distance between Si surfaces.

5. Summary and conclusion
Several platelets models have been investigated through first principle calculations.
These calculations allowed establishing the structural features of the platelets. All stable platelet structures involve a surface (formed by SiH2 groups and sometimes by SiH3 groups). No
surface free platelet has been detected and the platelets involve usually up to two Si layers.
Molecules are more stable inside a platelet than outside the platelet (in the T interstitial sites).
By energy considerations, it has been proved that platelets are self-building potential
sinks for Si vacancies and H atoms. When all the dangling bond are saturated inside a platelet,
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further accumulation of hydrogen leads to the formation of molecules that are contributing to
the platelets growth and further the fracture.
Several structures have been proposed for the explanation of the IR peaks associated
to internal surfaces, but the question stays open if the structures we propose correspond or not
to the respective structures since the actual vibration frequencies have to be calculated.
By these structures we have a quasi-completed spectrum of hydrogen related defects
configurations in H implanted Si. The next step is to try to describe how one pass from one
configuration to another, more exactly to try to propose mechanisms for the formation of
platelets.
When molecules are formed inside the platelet and the pressure increases due to limited relaxation on the perpendicular direction, new bonds are broken and new DBs are created. Another way for creating new DBs is when vacancies are included in the platelet. Hydrogen saturates these DBs either by molecule decomposition or by attraction of new H atoms.
This is the topic of the next chapter dealing with the evolution of implantation damage defects
during the thermal annealing.
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Chapter 5 Evolution of the Implantation Damage
1. Introduction
In this last chapter of our work, we are going to approach the kinetic aspects of the
implantation damage. In the last two chapters we have presented an exhaustive study of the
hydrogen related defects in silicon: from simple atoms up to the extended defects called platelets. Prior to proceeding to the presentation of our results in this chapter, it is useful to remind
the core results in the light of which we shall perform the interpretation of our experimental
data. The main results obtained by first-principles calculations are:
Hydrogen atoms are the main migrating species in H implanted silicon. Other hydrogen only species that exist in silicon are the interstitial molecules in T and Hex sites and the
H2* complex composed by two atoms one in AB and the other in the BC site. These species
do not migrate but they decompose.
Vacancies tend to attract hydrogen (they are hydrogen traps) and hydrogen bonding
leads to the stabilisation of the vacancies. Monovacancies are the migrating species and their
migration barrier is in the same order of magnitude as the migration barrier of H atoms.
Vacancies and hydrogen tend to cluster into extended form: hydrogenated multivacancies that can accommodate extra-hydrogen in molecular form.
Hydrogen clustering leads to the creation of instantaneous internal surfaces containing
SiH2 groups. Our calculations show that the so-called platelets are actually internal surfaces,
more exactly platelets contain a void space delimited by H saturated surfaces. Hydrogen molecules can be accommodated within the void space of the platelets where they probably behave like a gas of free molecules and are not bounded to the Si lattice.
In this moment we have enough elements enabling us to analyze kinetic data regarding
the evolution processes in the annealed hydrogen implanted samples. These data have been
obtained through direct experimental measurements by vibrational spectroscopy (in the infrared range).
The rest of the chapter is dedicated to the presentation of the results obtained through
the deconvolution analysis of the FTIR measurements performed on H implanted samples.
The presentation is divided into four sections. The second section deals with the sample preparation and with the impact of the implantation conditions on the interpretation of IR spectra.
In the third section we present the results on the evolution of the defects concentration. In the
fourth section we discuss the IR results in the light of the DFT results presented in the previ-
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ous two chapters. Finally, the chapter ends with the conclusions based on the presented results. Additionally, in the Appendix 1, we have summarized a list of peaks reported in literature, corresponding to the hydrogen related defects.

2. Sample Preparation and Analysis
Slightly n-doped Si wafers have been implanted with protons by the ion implantation
technique in three energy-regimes (40, 70 and 130 keV, respectively) at various doses (0.5,
1.0, 5.0, 10.0 and 30.0 × 1015 cm-2).
These doses are within what is called the “sub-dose” regime. This means that implantation at this dose does not lead to the formation of platelets in the as-implanted samples and
further annealing is necessary to obtain these extended defects.
The temperature of the sample during the implantation step was imposed by the incident power deposited by the ion beam and evaluated to be from 50 °C up to 100 °C depending
on the energy. Therefore in the same time with the implantation a dynamical annealing of the
initial damage occurs (see next section for more details). This is a central issue of the highenergy implanted samples. In this chapter we shall focus on the 40 keV implanted samples.
We consider that in this case dynamical annealing of the primary damage is negligible which
has been confirmed by the spectra evolution. The high-energy implanted samples may be interpreted in the light of the findings in this section.
Further the samples have been annealed separately during 2 hours at four different
temperatures: 200, 300, 400, 500°C. All the comparisons have been made between samples
that had the same initial state (as-implanted) but that they were annealed at different temperatures.
The as-implanted and the annealed samples have been analyzed by the Fourier Transform Infrared (FTIR) Spectroscopy in the MIR configuration. Signal analysis of the spectra
may supply qualitative and quantitative information about the defects species and the phenomena in which they are involved. In Chapter 1 (§1.1.2), we have described in detail the
principles of FTIR and the limitations of this technique in the specific case of hydrogen implanted samples.

2.1 Implantation Issues
Implantation itself causes two types of processes that concern two aspects of the system (the Si wafer containing H atoms): the defect generation under irradiation and the defect
annealing or recombination due to dynamical annealing.
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Ion implantation causes the so-called primary damage of the Si lattice structure introducing all kinds of defects such as: intrinsic or self-defects (vacancies, interstitials or Frenkel pairs), heterogeneous defects (H atoms or molecules) or mixed defects (VHn or IHn). The
structure of these defects can vary from a point defect or to a more complex defect containing
several intrinsic defects (clusters) or both intrinsic and heterogeneous species (hydrogenated
multi-vacancies, multi-intersititials). The dimension of these defects can cross several scales
from atomic scale (atomic or small cluster defects) to extended defects at nano- or microscale (platelets, bubles).
When the damage of the Si lattice induces a considerable deviation of the solid from
its initial crystalline order, which means the crystal amorphisation. If this distortion is extended in a very large volume of the crystal then the amorphisation is indeed visible and
measurable by dedicated spectroscopic and microscopic methods (e.g. transmission electron
microscopy).
The other effect that is associated to the implantation is the heating of the crystal due
to the enormous energy transfer from inelastic and elastic collisions. The energy transfer to
the lattice may affect the atomic scale state: migration, diffusion, recombination and dissociation of defects, clustering and accumulation of defects. The heating of the samples can during
implantation induce a recrystallisation or prevent the amorphisation by enhancing defect recombination (especially by I-V annihilation) or the release of the strain in the Si lattice.
Therefore if the implantation energy or the implantation dose is high enough then the
post-implantation state is not a direct result of the ion insertion process, but a more complex
state resulting from the interplay between the implantation itself and the concomitant heating
(dynamical annealing) of the samples. This complex state is hard to be interpreted since it is
difficult to propose a microscopic model system close enough to the experimental reality that
correlates the defect production to the phenomena associated to the sample heating.
The ionic implantation and thermal aspects are not separated, but inter-connected. The
primary damage and the heating of the crystal depend directly on the implantation parameters,
in the case of the non-thermally regulated implantations: dose, energy and flux. The heating
leads to the so-called dynamical annealing of the primary damage, a process that occurs in the
same time as the implantation itself. In our conditions, the temperature of the samples on
which we shall focus (the low energy implanted samples) is estimated at ~50 °C.
The overall aspect of the 40 keV IR spectra shows that at this implantation temperature the annealing was not set up, therefore interpretation of these defects is based only on the
analysis of the primary damage. Figure 53 presents the superposed spectra of three samples
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implanted with the same dose but at different energies. The low energy spectrum contains
peaks corresponding to atoms, molecules, hydrogenated interstitials and vacancies. These
peaks are hardly visible in the high-energy sample. This is due to sample heating (annealing)
concomitant with the implantation process that leads to the decomposition of the respective
defects, which are not stable at high temperatures. Moreover one notices that the peaks are
significantly enlarged (due to significant lattice damage) in the case of the dominant defect
types i.e. VH3, VH4 and platelets (see detailed explanation below).

2.2 Spectra Interpretation
The objective of our work is to study the collection of defects produced immediately
after the implantation (the post-implant state) and their evolution when the samples are annealed. The main problems arising firstly in this approach are:
1. the peaks description (position, FWHM, shape).
2. the peaks correspondence to defects.
3. the peaks visibility (strength or intensity, separation from other peaks).

2.2.1 Peaks Description
The signals associated to various kinds of defects have been mentioned in the literature. As we showed in the FTIR principles described in chapter 1, when a peak has a welldefined position and shape, its evolution is correlated with various other measurements such
as Electronic Paramagnetic Resonance (EPR) or other theoretical methods such as cluster
calculation of vibrational frequencies. The effect of the isotopic substitution and stress on
peak position is also analysed.
By shape one understands if it is well separated from other peaks and if it is not widely
spread around its maximum position, more exactly, if it has a small full width at half maximum (FWHM).
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Figure 53 FTIR spectra of non-annealed samples implanted at the same dose (10 × 1015 cm-2), but at different energies.

The shape of the peak depends on the environment of the defect. If the defect is isolated in a perfect lattice the peak should be narrowed. The deviation of this form is associated to
the lattice dynamics and, more important to the environment surrounding the respective
defect. If the defect is not isolated or if, in the neighbouring coordination spheres, the bonds
are distorted, atoms are displaced from their initial positions or other defects are present, then
the peak is less defined i.e. FWHM increases.
If the close coordination spheres around the defect are not disturbed then the shortrange crystalline order is preserved. The vibration modes of the defect are correlated with
the lattice dynamics and, hence, more or less slightly modified due to the fact that the atoms
in the distant coordination spheres are not perfectly arranged. The respective peak maintains
the position, but shape is modified according to the degree of the long-range disorder. An illustrative case for this assertion is the example of VH3 (2155 cm-1) and VH4 (2210 cm-1)
peaks that are well defined in the spectrum of the sample implanted at 40 keV, but they are
visibly enlarged when the implantation energy is increased (Figure 53).
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2.2.2 Data Analysis
In general there is a quantitative correspondence between the peak intensity and the
number of oscillators (defects) leading to that peak. More precisely, for each kind of defect
there is a constant K (known as correlation factor) linking the number of defects (N) to the
peak area (A). This constant depends on each defect, more exactly on specific vibrational
modes of the defect and its calculation is quite fastidious and no general agreement is reached
upon each value. The different values of K constants for each kind of defect do not allow the
absolute comparison between the concentrations of various defects. The maximum quantitative information that can be extracted when plotting the peak intensity or area against annealing temperature or implantation dose is therefore the relative evolution of the concentration of
the defect corresponding to the respective peak. Shortly it allows to detect only the trends in
the defects evolution. Thus, from quantitative point of view, only an independent (or uncorrelated) defect-wise treatment is possible.
In order to obtain a consistent plot of dependence of the defect concentration on implantation dose, energy and on the annealing temperature we have applied the following
methodology. We have fit each peak with a Gaussian function (or two if the corresponding
positions indicated in the literature were close). We have allowed the variation of two parameters: the peak intensity (height) and the FWMH. The FWHM variation was allowed only in a
range of ±10% with around to the initial value. Keeping fixed the position corresponding to
the maximum intensity and allowing only a limited variation of the FWHM, the only free parameter of the Gaussian was the height (intensity). The intensity of a peak was considered to
be proportional with the concentration of the corresponding defects. Therefore a plot of a peak
intensity against one implantation parameter or annealing temperature was assumed to be
equivalent to the relative concentration dependence on that parameter or temperature.

2.2.3 Peaks Assignment
Among the possible defects we have enumerated before (see §2.1 of this chapter), only
few of them are detectable in Infrared Spectroscopy. As we have already explained in Chapter
1 (§1.1.3.2), one of the causes is that some defects do not exhibit at all the vibrational modes
while the vibrational modes of some other are visible in other electromagnetic range.
The most important defect falling in the second category is the hydrogen interstitial
molecule that is the molecule situated in the tetrahedral site in the [111] direction. The signature is visible only in the Raman range. The Si self defects and the H2 molecule are not de-
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tectable by FTIR, so these defects cannot be quantified directly through the intensity variation
plots.
Even in the case of detectable defects the community agrees rarely and in a univocal
manner upon their signature. Most of defects have a signature composed from two or more
peaks. When the defects have a similar structure (see bellow for example the case of VH3 and
V2H6 defects) then one of the peaks is common to the signatures of these two defects.
From Appendix 1 in which we have presented a short survey of the IR defect signatures found in the literature, one assumes in the beginning that the following peaks are the
indubitable signatures of the defects mentioned nearby. This assumption is based on literature
findings and on the absence of specific debates regarding the respective signatures.
In the case of atomic species or isolated SiHAB and SiHBC bonds, the literature mentions two peaks: 1944 cm-1 for SiHAB and 1998 cm-1 for SiHBC. The diatomic complex that is
widely encountered in literature is the H2 *. The signature of such a complex is formed by two
peaks: 1832 cm-1 and 2052 cm-1. These two peaks correspond to the two H atoms form this
complex: one atom in the AB site and the other one in the BC site.
In the case of VHn type complexes in literature one associates systematically the following peaks: 2144, 2155 and 2120 cm-1 to VH2, VH3 and VH4, respectively. The most stable
species among the hydrogenated interstitials is the IH2 species, which is detected through the
presence of the 1980 cm-1 peak. Among the hydrogenated multi-interstitials; the I2H2 and I2H4
associated to the 1860 cm-1 and 1932 cm-1 vibrational frequency. The presence of platelets is
detected through the emergence of the following signals: 2087, 2095 and 2125 cm-1. The 2087
cm-1 peak is associated to platelet whose orientation in (111) or (100) plan is not yet established. The 2125 cm-1 becomes visible only at high temperatures. These two different features
of two different peaks show that they correspond to different structures or to different vibrational modes.

3. Results
The overall tendency of point defects is to disappear during annealing and form stable
defects. One can classify the peaks upon their behaviour during annealing in the following
categories:
a) Rapidly disappearing (before 200 °C, for reference compare Figure 54 and Figure 55):
i) 1944 cm-1 (HAB-);
ii) 1998 cm-1 (HBC+)
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iii) 1832 cm-1 (HAB- mode of H2 *);
iv) 1860 cm-1 (I2H2)
b) Slowly disappearing (at 300 °C, compare Figure 55 and Figure 56)
i) 1932 cm-1 (I4H2)
ii) 1980 cm-1 (IH2)
iii) 2025, 2065 cm-1 (VH)
iv) 2052 cm-1 (HBC mode of H2 *)
c) Stable (up to 400 °C, see Figure 57)
i) 1950 cm-1 (IxHy)
ii) 1959 cm-1 (IxHy)
iii) 2155, 2190 cm-1 (VH3) and developping
iv) 2208 cm-1 (VH4)
d) Emerging (see Figure 56, Figure 57 and Figure 58): 2110, 2125 cm-1 (platelet)
e) Transient: emerging and disappearing: 2144 cm-1 (VH2)
After the annealing at 500 °C (Figure 58), the remaining peaks are 1959 cm-1 (a IxHy
defect), 2025 cm-1 (an enlarged peak corresponding to VH, probably an extended defect containing SiH groups), 2110 cm-1 and 2125 cm-1 (platelets), 2155 and 2189 cm-1 (VH3). The
signal is diminished due probably to the fact that hydrogen starts to escape from the lattice.

3.1 Hydrogen Atoms
HAB- peak (1944 cm-1) is visible in the non-annealed samples (Figure 54), while the
other one is slightly distinguished in the samples annealed at 200°C (Figure 55). Indeed looking closely to the quantitative variation of [HAB-] in the samples one observes that the concentration tends to decrease when annealing is performed. Depending on the implantation dose
the trend exhibits particular features. At small doses (0.5 and 1.0 · 1015 cm-2, see Figure 59
and Figure 60) the [HAB-] drops less drastically than in the case of the medium and high dose
regime implanted samples (Figure 61 - Figure 63).
The HBC+ peak (1998 cm-1) exhibits the same trend as HAB, with a slight decrease in
the low dose implanted samples (Figure 59 and Figure 60) and a drastic drop in the other
samples (Figure 61 - Figure 63). More exactly, the HBC+ peak disappears almost completely
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when the samples are annealed at 200 °C and 300 °C (Figure 55 - Figure 56). Higher temperature annealed samples (Figure 57 - Figure 58) exhibit almost no traces of HBC+. At small doses 0.5 and 1.0 · 1015 cm-2, [HBC+] increases slightly, while for the rest of the doses a drastic
[HBC+] drop can be observed.
If one supposes that the correlation factors of HAB- and HBC+ peaks are the same, based
on the spectral intensities of these two vibrational modes one observes that, in the case of 10 ·
1015 cm-2 and 30 · 1015 cm-2 implanted samples, the [HBC+] decrease slope is 5 times higher
than [HAB-] decrease in the same conditions.

3.2 Diatomic Complexes
The HAB mode of H2 * (1832 cm-1) disappears completely when annealing is performed
at 200°C. The HBC modes (2052 cm-1) considerably diminished is still present after 200°C
treatment. This mode is totally absent in the samples implanted at doses up to 10 · 1015 cm-2
and annealed at 300 and 400 °C. In the samples implanted at 30 · 1015 cm-2 it may be present
but it is not definitely visible, being hidden in a continuous plateau of undistinguished peaks.
Annealing at 500 °C leads to a slight appearance of this mode, which is consistent for the all
doses except 0.5 and 1.0 · 1015 cm-2.

3.3 Hydrogenated Monovacancies
VH – (cat. b) two peaks mentioned in literature (2025 and 2065 cm-1) with similar evolution, stable up to 200°C. They disappear at higher temperatures such as 300°C and 400°C.
At higher temperatures (500 °C) they might appear by they are hidden by neighbouring peaks.
VH2 peak (2144 cm-1) (cat. e) become visible (well defined) at 300 °C and disappears at
500 °C. The temperature when this peak reaches its maximum of intensity depends on the
sample. However no regular dependence can be defined on the implantation dose. One can
define two regimes: a [VH2] increase between 50°C and a temperature between 200 – 400 °C
and a [VH2] drop between this respective temperature and 500 °C.
The 2155 cm-1 and 2189 cm-1 represent the VH3 signature (cat. e). Overall both peaks
behave similarly during annealing at various temperatures, the first one being always more
intense than the second one. Like in the case of VH2, their evolution can be divided into an
increase up to a temperature (usually 300 °C) followed by a decrease of VH2 concentration.
The 2208 cm-1 peak (cat. c.) corresponding to VH4, the only IR signature visible in our
spectra, disappeared completely at 500°C. VH4 is considered to be a precursor of platelet formation and its “consumption” means the end of platelet formation process. Again, like in the
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case of VH2 and VH3, the [VH4] evolution can be divided into an increase up to a temperature
(300 °C) followed by a decrease of [VH4] concentration.
Several interstitial related peaks are present in our spectra: 1932, 1950, 1980 and 1989
cm-1. 1932 cm-1 peak decays quickly (through annealing at 200 °C only). 1950 cm-1 and 1989
cm-1 are present even in the 300 °C annealed samples, but extinct when the samples are annealed at higher temperatures. 1959 cm-1 peak exhibits a significant stability being present in
the samples annealed at 500 °C. Their different evolution features of these peaks indicate that
they belong to different types of defects.

3.4 Platelets
Platelets signals (2110 and 2125 cm-1 in cat. d) tend to be significantly well defined at
400 °C and they are stable at least up to 500 °C (Figure 57 and Figure 58), except the low
dose implanted Si samples where the platelets related peaks extinguish quicker (Figure 59 and
Figure 60).

4. Discussion
Our discussion is structured into two parts. The first part is dedicated to elucidation of
the structural features of the defects whose peaks are under debate, while the second part is
dedicated to the kinetic interpretation derived from the evolution trends presented in the previous section.

4.1 Structure Signature Issues
As we have already pointed out (in section §2.2.3 of this chapter ), there is an open debate within the IR spectroscopy community regarding the peak assignments made by different
authors. As pointed in the chapter 1, this debate has several causes among which we mention:
·

Two different defects have either close or identical vibrational modes due to similar
structural features;

·

The vibrational modes of defects in a lattice are hard to be calculated and compared
with the experimental vales since some peaks are said to be related to a certain class of
defects (interstitial related, platelet related etc>.) but the structure of the vibration centre is unknown.
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Figure 54 FTIR spectra of non-annealed Si:H samples implanted at various doses at 40 keV.

Figure 55 FTIR spectra of 40 keV implanted Si:H samples annealed at 200°C.
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Figure 56 FTIR spectra of 40 keV implanted Si:H samples annealed at 300°C.

Figure 57 FTIR spectra of 40 keV implanted Si:H samples annealed at 400°C.

166

Figure 58 FTIR spectra of 40 keV implanted Si:H samples annealed at 500°C.

Figure 59 Annealing evolution of the 0.5 × 1015 cm-2 implanted samples (the scale is modified with respect
with all the other plots).
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Figure 60 Annealing evolution of the 1.0 × 1015 cm-2 implanted samples.

Figure 61 Annealing evolution of the 5.0 × 1015 cm-2 implanted samples.
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Figure 62 Annealing evolution of the 10.0 × 1015 cm-2 implanted samples.

Figure 63 Annealing evolution of the 30.0 × 1015 cm-2 implanted samples.
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The main issues of the open debate that will be considered in this first part of our discussion are the following:
·

The multi-vacancies defects (defects clusters or vacancy-containing platelets) sharing
the same modes with the monovacancies;

·

The unknown structure of defect centres to which the vibrational peaks are associated
o The complicated and unelucidated structure of the interstitial containing defects;
o The internal surfaces and their relation to platelets.
The main issues on debate regarding the signatures of the defects are related to the Si-H

bond stretching in:
a) the multi-vacancies defects sharing the same modes with the monovacancies.
b) the “internal” surfaces and their relation to platelets.
c) the complicated and unelucidated structure of the interstitial containing defects.

4.1.1 Hydrogenated Interstitials
The literature survey gives information on four interstitials containing defects: IH2,
I2H2, I3H2 and I4H2, however there is no common agreement upon the assignment of the respective peaks to each of these defects. Using the annealing we have been able to correlate the
peaks evolution (see details bellow) and, in this way, to propose the following signature:
a. 1980, 1989 cm-1 (IH2);
b. 1860 cm-1 (I2H2);
c. 1950, 1959 cm-1 (I3H2)
d. 1932 cm-1 (I4H2).
For three of them unique peaks corresponding to their vibration modes are provided:
1980 cm-1 (IH2), 1860 cm-1 (I2H2), 1932 cm-1 (I4H2). The peaks 1959 cm-1 and 1989 cm-1 are
under the debate. The first one is assigned to I2H2 and I3H2 while the later one is assigned to
both IH2 and I2H2. The peak 1860 cm-1 (I2H2) disappears when the sample is annealed at
200°C. But 1959 cm-1 and 1989 cm-1 are visible, hence they might correspond to the I3H2 and
IH2 respectively. At 300 °C, the 1980 cm-1 and 1989 cm-1 disappear simultaneously confirming that the later one correspond to a vibration mode of IH2. The 1959 cm-1 and 1950 cm-1
peaks have a similar evolution when samples are annealed at 300°C - 500°C. It can be easily
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inferred, that they are the signatures of the same defect I3H2 the only one detected and still
existing in the sample. One can finnaly note that I3H2 defect is highly stable up to 500 °C.

4.1.2 Hydrogenated Vacancies
Looking in the Appendix to the vibrational modes belonging to the multivacancy defects, there is another open debate related to some of the peaks. The issues addressed in this
section, related to these assignments are
1930 cm-1 and 2071 cm-1 peaks are both assigned1 toV2H2. The 1930 cm-1 peak is also
associated2 to an interstitial related defects (1932 cm-1), while the 2071 cm-1 peak is associated2, 3 to V3H.
2191 cm-1 peak assigned3, 4 to V2H6 is very close to the peak 2189 cm-1 associated to
VH3 defect.
2025 cm-1 peak is assigned to both VH5 and V2H1
1. 2065 cm-1 peaks are both assigned to V2H3 2, V3H5 and VH6;
In the first case, the evolution of two peaks is uncorrelated, hence 1930 cm-1 peak is
the signature of an interstitial containing defect (I4H2) as it was proposed by Fukata and coworkers2 and as we showed in the previous paragraph. .
The signal associated to the V2H6 (2191 cm-1) is too close to the 2189 cm-1 peak to be
deconvoluted by our method whose accuracy in peak position is not lower than 4 cm-1. The
2189 cm-1 peak evolution is consistently correlated to that of the 2155 cm-1 peak. Hence in the
limit of our experimental set-up V2H6 presence cannot be established.
The 2025 and 2065 cm-1 peaks are correlated when it comes to their evolution under
thermal annealing. On the other hand, we have showed that the VnH type defects (V2H and
V3H) are stable and detectable only within cryogenic temperatures regimes. Our samples are
already heated during implantation at a temperature of ~50°C and then they are annealed at
higher temperatures. These two facts: the correlation of the two peaks and the temperature
regime of our implantation and annealing indicate that both peaks are associated to VH and
not to V2H and V3H.

4.1.3 Platelets and Internal Surfaces
In the case of the extended defect there are two issues under debate. The first issue is
the relation between the platelets and the internal surfaces, while the second issue is the discrimination between the modes associated to H saturated internal surfaces and that of hydrogenated vacancies modes. In the followings we shall approach both of these issues.
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In the IR literature dealing with the hydrogen related defects in Si one observes a systematic differentiation between two types of extended defects: the platelets and the internal
surfaces.
Our study shows actually that all stable platelets models do actually contain hydrogen
saturated Si surfaces. Hence the terminology used in literature is meaningless, more exactly a
platelet is an extended surfaces formed by SiHn groups. These type of surfaces are created
either spontaneously by hydrogen accumulation or by the accumulation of both vacancies and
hydrogen in the (100) plan. If a platelet does not contain hydrogen saturated DBs, it is not
stable as it was the case of the HBC only platelet.
Secondly, one can easily show that our systematic FTIR results by themselves confirm
such an idea. Supposing that platelets would be hydrogen only defects, then the Si-H stretch
modes corresponding to their structure should appear and, if their structures would be stable at
high temperature, to be present and well separated in the high temperature annealed samples.
The hydrogen-only platelets models we could imagine would contain one or more of the following building blocks: H in BC atoms, H2* complexes or interstitial H2 in T site.
However the H in BC and H2 * signals anneal rapidly up to 300 °C. If such defects existed in a highly organised fashion within a (100) plan, the associated peaks would have increased significantly when the temperature increased. This means that eventual H-only platelets would be unstable and consequently they would not exist in the equilibrium state. Both
our spectra and our ab initio calculations point to the fact that hydrogen only platelets do not
exist and all platelets contain H saturated Si surfaces.
H2 in T molecules are not detectable by FTIR but Raman spectroscopy. Extended defects containing H2 that could be imagined are H2 gas inserted in between the H saturated internal surfaces.
Like in the case of hydrogenated interstitials and hydrogenated vacancies there some
peaks that are under debate:
1. 2065 cm-1, which is associated to both a platelet4, 5, 7 and to VH defect1, 6, 8.
2. 2084 cm-1, which is a peak associated to a platelet, but it is always hidden in by 2065
cm-1 peak, which is a large peak.
In the first case the discrimination between H saturated Si surfaces and VH the annealing test answers to this question. Annealing is a criterion for detecting a mode that corresponds to an internal surface: if the peak is associated both to a VHn – type defect and a
platelet structure is stable up to a high temperature in parallel with other platelet associate
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peaks, then it belongs for sure to a platelet. Otherwise it belongs to a VHn related vibrational
mode. This is exactly the case of the 2065 cm-1 peak, which is completely extinct from 300 °C
annealed samples, while platelets related peaks such as 2110 and 2125 cm-1 are perfectly visible up to 500 °C.
In the second case, we suspect that 2087 cm-1 peak is not platelet-related because it extinguishes in the same conditions as 2065 cm-1. Another explanation would be that the defects
to which 2087 cm-1 modes belong are disappearing. Indeed this mode has been associated to a
(111) platelets5-7. By heating the stress conditions favouring the (111) platelets are disappearing and hence the platelets are decomposing.

4.2 Kinetic Considerations
4.2.1 Atomic hydrogen
The drop of hydrogen atoms concentration show that during the annealing the H atoms
are recombining fast to the vacancies and interstitials. The recombination with vacancies and
interstitials is proved by the emergence of the VHn and IHn corresponding peaks, and further
through annealing to more complex and extended defects.
The difference between the decrease of HBC+ and HAB- in the sense that the HBC+ signal decrease faster than HAB- appears in contradiction with the small barriers of HAB- recombination to vacancies compared to the one of H+ The fast decrease of H+ species can be hence
associated to the H+ → H- inferred above.
Though valid at very low doses, this analysis tends to be hampered at higher doses
when the crystal is more damaged. Both peaks associated to H atoms (1944 cm-1 and 1998
cm-1) are easily hidden by the shoulders of the neighbouring peaks belonging to more dominant species: 1950 cm-1 and 2025 cm-1 respectively.

4.2.2 Diatomic complex H2*
The extinction of H2* modes is in agreement with the decomposition of such complexes at 300°C, the resulting species being further involved in other recombination processes
(with self defects or molecule formation inside the platelets). We observe the slight occurrence of H2 * modes at 500 °C for which we have no satisfactory explanation.
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4.2.3 Hydrogenated Selfdefects
The evolution trends of VHn – type defects suggests that the VH4 (the most stable
among this type of defects) production takes place through systematic addition of hydrogen
atoms to the less hydrogenated vacancies as proposed in §4.2 in Chapter 3. At 300°C, VH4
tends to disappear through decomposition or through the participation of VH4 to the formation
of other complexes undetectable by the vibrational spectroscopy. The VH4 decomposition into
less hydrogenated defects is excluded since the peaks associated to the less hydrogenated vacancies do not emerge. Hence the second track is favoured. VH4 is either transformed into
another complex or re-decomposed to provide H to the platelets. This transformation can be
the starting point for the growth of more extended defects. In the light of the energy considerations in §5 of Chapter 3, VH4 becomes a good candidate for being a centre for the growth of
other more complex defects.
Except the 1959 cm-1 peak, the peaks related to the interstitial containing defects are
extinguishing before VH3,4 extinct. This indicates that the interstitial related centres are decomposing liberating hydrogen atoms participating to other recombination processes. The free
interstitials are recombining to the vacancies or they reach the surface of the platelets.

4.2.4 Platelets
The internal surfaces are notoriously difficult to quantify in IR spectroscopy since the
literature there is no well-established correspondence between surface structure and the IR
signals. Apparently6 the preference for monohydride (SiH) or the trihydride (SiH3) is determined by the constraints. Our spectra do not exhibit any well-separated peaks related to SiH
(2074, 2100, 2087 cm-1) and SiH3 (2130, 2142, 2183 cm-1) groups. The absence of these
peaks is related hence to the absence of the stress in our samples. One may conclude, hence
that the absence of any stress leads to the formation of SiH2.
The peaks corresponding to platelets become finer, which mean that these surfaces are
well formed while the other point defects disappear. The fact that can be inferred from our
spectra is that the platelet/SiH1,2 peak occurrence coincides with the disappearance of other Vcontaining defects. This process ends up at temperature between 400 – 500°C, when the formation of internal surface is completed. At 300 °C the intensity of these peaks is maximum.
The overall decrease of the IR signal observed when annealing temperature is increased can be caused by two phenomena: the hydrogen exo-diffusion or the hydrogen transformation into a species that are not detectable by IR spectroscopy. In the case of an exodiffusion through heating hydrogen gets enough energy to break the bonds and to reach the
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surface. In the second case hydrogen transforms into H2 molecules in the void space created
inside the platelets. H2 molecules in T sites and in void space are not detected by vibrational
spectroscopy in the IR range, but in Raman.

5. Conclusions
Samples that have been H-implanted in a “sub-dose” – low energy regime and further
annealed have been analysed by FTIR. The implantation conditions have been chosen in order
to prevent samples to be dynamically annealing during implantation. The main highlight results presented in this chapter fall into two categories:
1. Shedding new light on the peaks assignment issues in the case of hydrogenated interstitials and extended defects;
2. Correlation between IR data and DFT results allowed the confirmation of some new
mechanisms for the platelets formation and the proposal of other.
Based on our systematic study the following assignments have been proposed within
the interstitial containing class: 1989 cm-1 peak sometimes associated to I2H2 should be assigned to IH2 only and 1959 cm-1 is associated to I3H4.
The distinction made in literature between platelets and internal surfaces has been
proved to be meaningless: the platelets are themselves hydrogen saturated internal surfaces.
The systematic addition of hydrogen atoms to VHn complexes is the main path for the
complete stabilisation of vacancies leading to the formation of VH4. This scenario is supported by the transient regime (appearing and disappearing signals) the VH2 and VH3corresponding peaks during annealing of the H implanted samples. Further annealing leads to
the formation of platelets. The formation of platelets has been proposed as a nucleation
around some of VH4 centres while the other VH4 centres decompose and provide hydrogen
for further growth of platelets.
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General Conclusions and Prospects
At the end of the first chapter in which we have performed a bibliographical review of
the experimental and computational data in literature we have enlisted several open issues
regarding the understanding of hydrogen related defects under hydrogen implantation. The
general conclusions closing this work will address these open questions in view of our works.
The first open issue emerging from the literature survey was the lack of a unified view
regarding the defects produced by H implantation in Si wafers. Our study provides a unified
framework in which all kinds of defects: from simple hydrogen atoms to platelets configurations can be easily compared. Weaddressed rigorously the charge issue for the whole spectrum of the hydrogen related defects. Such a study was allowed by the particular implementation of the DFT framework within the SIESTA code. This implementation allowed us to perform numerous fast calculations without sacrificing the accuracy. Such calculations spanned a
considerable number of structures. It has been shown that hydrogen atoms, vacancies and hydrogenated vacancies might be charged. Other defects such as multi-vacancies and hydrogenated multi-vacancies are less probable to exhibit charged states. In particular, in the case of
hydrogen atoms, the negative-U behaviour we obtain is in perfect agreement with the experimental value. Several charge transition levels that have been calculated are also in good
agreement with the experimental values (V+/2+, VH2-/-, VH22-/-).
Second, literature lacks of data concerning the migration and recombination barriers of
defects in H implanted silicon.We have calculated the migration, decomposition and the recombination energies of hydrogen species. The migration energy of hydrogen atoms is charge
independent and in perfect agreement with the experimental measurements of hydrogen permeation in Si at high pressure in different temperature regimes. Our calculations also show
that the hydrogen molecules and complexes (H2 *) decompose before migration. Inlike atomic
migration, the recombination path between hydrogen atoms and hydrogenated vacancies varies with charge. Finally, vacancies are combining easily with multivacancies clusters. The
barrier is almost negligible when the multivacancy cluster counts more than three vacancies.
All in all our calculations show that the hydrogen accumulation into platelets occurs through
the migration of hydrogen atoms and vacancies.
We have then attempted to explain the stability of planar defects through the study of
planar multivacancy configurations and their relative stability with respect to the onedimensional or three-dimensional (bubbles) configurations containing similar numbers of vacancies. It has been shown that vacancies tend to stabilise when they cluster. However the
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influence of the dimension (1D, 2D, 3D) on the stability of defects could not be determined. it
seems therefore that hydriogen is needed to stabilize the 2D configurations.
The platelets are the most stable hydrogen related configurations at equilibrium. Several structural models have been proposed for these bidimensional configurations. Our calculations show that all platelets involve surfaces of Si with bonds saturated by hydrogen atoms.
These platelets can accommodate hydrogen molecules whose pressure is the driving force for
the growth of platelets.
The formation of platelets under different implantation conditions (dose) has been investigated. It has been shown that platelets start to form at the expense of point defects. Hydrogenated monovacancies are involved through vacancy and hydrogen capture into platelets
growth. The emerging-extinction regime of VH2 and VH3 peaks during annealing show that
these defects are transient states in the accumulation of hydrogen in vacancies. The systematic addition of H atoms is the main path for complete stabilisation of vacancies through the
formation of VH4. Hydrogen molecules and the hydrogenated interstitials decompose and the
resulting hydrogen atoms are recombining with other defects. The VH4 centres finally disappear when annealing temperature is increased due to the fact that some of these centres become nucleation sites for platelets growth while others decompose and provide hydrogen alimenting the growth of platelets.
The topic of hydrogen related defects produced by the implantation of hydrogen ions
into silicon samples remains an enormous topic. The work needed to fully explain the platelet
formation through atomic scale consideration is far away of being accomplished. Beyond the
above-mentioned conclusions shedding a new light in of the atomic scale phenomena that
might lead to platelet accumulation, our work opened some possible directions for the further
investigation of the phenomena underlying the platelet accumulation. We identify two main
directions: one consisting in new calculation series and the second consisting in experimental
Fermi level control.
New first principles calculations are necessary to further investigate the configurations
involved in the first steps of platelet nucleation and growth. In Chapter 3 we have presented
multivacancy clusters expanded in one, two and three directions. However, our study involves
only hydrogenated one-dimensional multivacancies due to limited computational and time
resources. Several other calculations are needed to check the stability of hydrogen into bidimensional multivacancy defects. The configurations we suggest for further investigation are
the fully hydrogenated 2D multivacancies and the hydrogen molecules inside the fully hydro178

genated 2D multivacancies. Such calculations would explain the role of molecules in the early
growth stages of extended defects.
All the first principles calculation we have performed and we have proposed in the
previous paragraph are performed in fully relaxed conditions (including cell shape). However,
the experimental data tend to imply that stress fields created by the implantation process drive
platelets formation. In order to check the influence of the stress field on defects stability one
has to calculate the energy of those defects under stress conditions. Such calculations could
for instance forbid the relaxation of supercells in the [100] direction, while the cell constant
should be systematically increased or decreased. The stress fields certainly affects the potential energy landscape hence, another investigation track would be the study of stress influence
on migration and recombination barriers.
All the results obtained by first principle calculations should be further integrated into
a model system for the implantation damage and encompassing all the defects we have studied. Such system would be studied through one of standard kinetic methods: either cluster
dynamics or by kinetic Monte Carlo. The processes that should be involved are the following:
·

the recombinations between H atoms to form diatomic structures;

·

the recombinations of H atoms and selfdefects and selfdefects containing configurations;

·

the selfdefect clustering and selfdefects recombination with hydrogenated
configurations;

The platelets structures we have calculated would be potential wells: that is the end
energetic end point for any recombination path. Two aspects should be further investigated:
The first is the role of the Fermi level on the global evolution of the model system towards the
platelet state while the second is the influence of stress produced by the platelets growth in its
surroundings on defects and hydrogen capture or emission.
At experimental level one phenomenon should be further investigated: the driving of
hydrogen accumulation through Fermi level control. We have seen that the migrating species
in hydrogen-implanted wafers are the charged hydrogen atoms and the charged Si vacancies.
The stability of specific charge states depends on the position of the Fermi level in the gap.
The position of the Femi level in the gap is modified by the presence of the hydrogen related
defects themselves. In order to intervene in Fermi level, the influence of doping on hydrogen
accumulation should be also checked. Taking advantage of the charge states of the migrating

179

species it is expected that the charged vacancies, interstitials and atoms to be sensitive to the
external electrical field. The influence of connecting the wafer to a voltage should be thus
investigated to check if the platelets accumulation is increased and the quality of fracture improved.
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Appendix: IR Signals of Implantation Related Defects
1 Hydrogen Defects
1.1 Atoms
Defect Label
HABHBC+
HBC+

Peak position References
(cm-1)
1
1944
2
1903
3
1998

Observations

This peak does not appear on our spectra.

1.2 Diatomic Structures
H2*
H2*
H2*
H2*1

1832
1838
2052
2061

4

This peak corresponds to HAB mode.
This peak does not appear on our spectra.
This peak corresponds to HBC mode.
This peak does not appear on our spectra.

5
4
5

2 Hydrogenated Vacancies
2.1 Hydrogenated Mono-vacancies
VH
VH
VH

VH2

VH2

VH3
VH3

VH3
VH3
VH4
1

2025
2038
2042
2065
2066
2067
2121
2122
2125
2144

4

2145

6

2155
2161
2164
2166
2182
2188
2190
2210

6

Assigned also to V2H.
Absent on our spectra.
Absent on our spectra.
Also assigned to V2H

6
2
2
7
8
6 8

,

9-11
4
4 8

,

7
4

This peaks is hardly visible due to the fact that
the peak 2110 cm-1 is very large. Transient character
This peak is hardly visible due to the large
fwhm of 2155 cm-1 peak. However this peak
becomes more evident @ 300°C. Transient character
Hidden between the peaks @2155 cm-1 and
@2189 cm-1.

8
6, 7
4

Very close to the peak 2191 assigned to V2H6.

8
7

These peaks are not visible.
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2219
2221
2223

4

Hidden by the peak @ 2208 cm-1

8
6, 10

2.2 Hydrogenated Multi-vacancies
V2H

V2H2
V2H6
V2H6
V3H
V3H

2025
2066
2068
2073
1930
2166
2191
2066
2073

7

This peak is also assigned to VH
This peak is also assigned to VH

4
6 9

,

9
7
6, 10
6, 10
4
6, 9

The same as V3H
This peak is also assigned to I4H2 defect
This peak is not visible on our spectra.
This peak is assigned also to VH3
The same as V2H
This peak is not visible on our spectra.

3 Hydrogenated Intersititials
3.1 Hydrogenated Mono-interstitials
IH2

IHx
IHx

1980
1986
1987
1989
1990
1956
1965

4
3

This peak is also assigned to I2H2

10
3
4, 9 10
4
4

3.2 Hydrogenated Multi-interstitials
I2H2
I4H2
I2H2
I3H2
I2H2
I4H2
I2H2

1870
1932
1957
1959
1967
1965
1987

9

Not visible on our spectra.

9
10
9
10
9
9

Assigned to an unknown interstitial containing defect4
Assigned to an unknown interstitial containing defect4
This peak is assigned also to IH2.

4 Internal Surfaces
SiH
SiH2
Platelet SiH (100)

SiH2

2074
2099
2100
2099
2098
2100
2105

7
12

This peak is not visible on our spectra.
Slightly visible but hidden by the peak @2110 cm-1

2
4, 12

Slightly visible but hidden by the peak @ 2110 cm-1.

7
2
13

Either the same peak as 2110 cm-1, or hidden by this
one.
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SiH2
Platelet SiH (100)
SiH2

2110
2110
2121

12

SiH2
SiH3
SiH3
Platelet SiH (100)
SiH3

2136
2130
2142
2145
2183

2

2187
2191

2, 6

4
13

14
2
4
15

2, 6

The peak is assigned to an (100) internal surface but
the saturation in H is stated only in 12
Either the same peak as 2125 cm-1, or hidden by this
one.
This peak is not visible on our spectra.
This peak is not visible on our spectra.
This peak is not visible on our spectra.
This peak is not visible on our spectra.
Either the same peak as 2187 cm-1, or hidden by this
one.
Either the same peak as 2187 cm-1, or hidden by this
one.

5 Platelets
Platelet
Platelet SiH (111)

2065
2065

10

Platelet SiH (111)

2084

2, 4

13

Platelet SiH (100)
Platelet SiH (100)
Platelet
Platelet
Platelet
Platelet SiH (100)
Platelet SiH (100)

2087
2087
2088
2075
2095
2125
2123
2130

4, 13

This peak is assigned also to VH
This peak is assigned also to VH
This peak is visible but it is very close to the peak @
2065 cm-1, which is very large.
Either the same peak as 2084 cm-1, or hidden by this one.

12
4

Either the same peak as 2084 cm-1, or hidden by this one.

10
10
10
4
4

This peak might be hidden by the peak @2110 cm-1.
Visible when temperature increases.
Hidden by the 2125 cm-1 peaks
This peak is not visible on our spectra.
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