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CHAPTER I 

INTRODUCTION 

1.1 Importance of Intrinsic Defects in Si 

The vacancy (V) and the self-interstitial (I) are the two fundamental mtrinsic 

defects in elemental semiconductors.* Their equilibrium concentrations are low,̂  but V's 

and/or Fs are present in the material in above-equilibrium concentrations during a 

number of processes such as ion implantation, etching, deposition of surface layers (Al 

back-contacts, n^ layers, antireflection coatings), etc. High concentrations of oxygen 

result in the creation of self-interstitials. V's and I's diffuse very fast through the 

material, especially while free electrons and holes are abundant, that is during many of 

the processing steps that generates the high concentrations of intrinsic defects. 

Both V's and Ps interact with a range of impurities and defects. For example, an 

interstitial impurity may interact with V and become substitutional, or a substitutional 

impurity may trap V, forming a V-impurity pair. Further, V-V interactions lead to the 

precipitation of vacancy aggregates. A substitutional impurity may be kicked-out by an I 

and become an interstitial, or I and V may recombine. The details of these interactions 

are poorly understood and difficult to study. Experimentally, most of these reactions 

occur during a brief, non-equilibrium event, namely, the processing of the material. 

Theoretically, one must deal with dynamic phenomena and complicated many 

dimensional, potential energy surfeces when studying such problems. 

Many of the vacancy aggregates {Vn} have now been observed experimentally. 

Electron paramagnetic resonance (EPR) studies have identified Vi^, V2 ,̂ V3, V4, and Vs"* 

in Si. These aggregates have also been studied theoretically.^'^ 

1.2 Role of H 

Hydrogen is the most versatile impurity in semiconductors. ' H has been known 

for a long time to tie up dangling bonds at vacancies, vacancy aggregates, surfeces, and 

extended defects such as dislocations, grain boundaries, and interfaces.^ It modifies the 

electrical and optical activity of the material by passivating many electrically active 
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impurities, changing the electrical activity of others, and forming a range of defects 

visible by infrared (IR) absorption, Raman spectroscopy, and/or photoluminescence. 

Hydrogen is also known to catalyze the diffiision of interstitial oxygen in Si. Hydrogen 

forms monatomic centers at the tetrahedral interstitial (T) site and the relaxed bond-

centered (BC) site. It also forms at least two kinds of dimers. The two dimers we have 

observed are interstitial H2 molecules at the T site and the H2* complex which consists of 

two Si-H bonds on the same trigonal axis, replacmg a Si-Si bond: The first H is near a 

BC site, bound to a nearly 5/?^-hybridized host atom, and the second H is in an 

antibonding (AB) configuration, bound to a nearly 5/7^-hybridized host atom, as shown in 

Figure 1.1. 

Interstitial H2 molecules, which were theoretically predicted over 15 years 

ago* '̂*^ have recently been observed. A Raman study by Murakami et al. *̂  observed 

broad band at 4158 cm'* in plasma-hydrogenated san:q)les. Although the authors initially 

attributed this frequency to interstitial H2 molecules, the signal proved to be associated 

with molecules trapped in voids related to platelets. Leitch et al. *"* found the Raman 

signature of isolated interstitial H2 in similarly hydrogenated samples. At room 

temperature, the line is at 3601 cm"*, some 500 cm"' below that of free molecules. At 10 

K, the line shifts to 3618 cm'*. No ortho/para splitting was detected, in contrast to similar 

data in GaAs.*^ 

Molecular hydrogen has also been observed in Si. They have been found by IR 

spectroscopy in 17-mm-thick samples of phosphorous-doped (Czochralski) CZ-Si*^. 

Two bands at 3789 and 3731 cm"* were attributed to H2 near interstitial O2 with a third 

band at 3618 cm* being assigned to isolated interstitial H2. This IR line is present up to 

350 °C* ,̂ and is also seen in boron-doped (float zone) FZ-Si.** More than 90% of the 

hydrogen in these samples was in the form of interstitial H2. This accounts for the large 

percentage of "hidden hydrogen" (the difference between the detected H in {B,H} pairs 

and the total amount seen by secondary-ion mass spectrometry (SIMS).*^ 

The H2* was also predicted by theory* "̂̂ ^ before it was found experimentally by 

IR spectroscopy in proton-implanted samples. The stretch modes are at 2062 cm' (for 

the H near the BC site) and 1838 cm'* (for the H near the AB site). Both of these lines 



simultaneously anneal out around 200 ^C. Theorists disagree on whether H2 or H2* is the 

more stable dimer, but they do agree that they are within a few tenths of an eV of each 

other. Both complexes should therefore coexist in H-rich samples. 

Since H2 is still observed at 350 ̂ C while H2* anneals out at 200 ̂ C, one could 

expect a thermally induced transition from H2* to H2. However, the two dimers have 

never been seen together in the same sample and no thermally induced transition from 

one to the other was ever observed. Instead, H2* has only been seen in irradiated 
• 1 ft ik 

material. Furthermore, the irreversible conversion of H2 to H2 by electron radiation 

has now been reported. *̂ '̂ ^ Experimental evidence shows that a transition from H2 to 

states involving Si-H bonds is induced by radiation damage.̂ ^ Such states include 

{V,H,H} (a vacancy which trapped two H'ŝ "̂ ) and {I,H,H} (two H's trapped at a self-

interstitial^^). 

1.3 Goals of These Studies 

The vacancy is one of the strongest traps for H is Si,̂ '̂̂ ^ and it was even 

suggested that Frenkel pairs (vacancy-self-interstitial) can be created by hydrogen.̂ * 

Thus, H, V's, and I's interact with the same impurities and with each other, which is 

bound to have profound implications in situations where they coexist. This is the main 

motivation for the present work, which presents the results of molecular dynamics (MD) 

simulations and approximate-ab-initio HF calculations involving V and H. 

In this paper, I discuss our investigations of the reactions involving (neutral) V's 

and/or I's with interstitial H, H2 molecules, and with each other. The calculations were 

performed at various levels of theory, not just because different methods have different 

strengths and weaknesses, but also because we want to check that our results are 

independent of the way the host crystal is approximated (periodic supercells or molecular 

clusters) and the electronic energy calculated (density-fimctional [DF] or Hartree-Fock 

[HF]). 

Specifically, over the last few years I have studied vacancy aggregates, the 

reactions of H2 with V and I, the formation of H2 , and H trapping by vacancy aggregates. 

These studies have resulted in numerous publications, such as: J.L. Hastings et al. 
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'Vacancy Aggregates in Silicon,' Mater. Sci. Forum (1997); S.K. Estreicher et al. 'The 

ring-hexavacancy in silicon: A stable and inactive defect,' Appl. Phys. Lett. (Jan 1997); 

J.L. Hastings et al. 'Vacancy aggregates in Si,' Phys. Rev. B (Oct. 1997); S.K. Estreicher 

et al. 'Defect-induced dissociation of H2 in silicon,' Phys. Rev. B (May 1998); S.K. 

Estreicher et al. 'Hydrogen-defect inter-actions in Si,' Mater. Sci. Eng. B (1999); and 

S.K. Estreicher et al. 'Radiation-Induced Formation of H2* is Silicon,' Phys. Rev. Lett. 

(Jan. 1999). 
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Figure 1.1. Stick Figure of H2 Dimers. (a) interstitial H2 at the T-site; (b) H2* 



CHAPTER II 

METHODOLOGY 

Theory should be able predict observable quantities such as diffusion properties, 

vibrational modes, spin densities, location of energy levels in gap, thermal stability, etc. 

Some of these properties cannot be predicted very well (energy levels in the gap), while 

others are calculated quite reliably (equiUbrium geometries and vibrational frequencies). 

The accuracy of the theoretical technique is a ftmction of which defect is involved, 

charge, spin and technique used, host crystal approximation, and the technical details of 

the calculation, such as the choice of basis set. Some theorists prefer to use H saturated 

clusters while others use periodic supercells. Saturated surfaces may affect the results of 

defects in small clusters, while interactions between defects in neighboring cells can 

create defect bands in periodic supercells. The quality of the results may also be 

determined by the know-how of the theorist involved.̂ ^ There are also many difficulties 

related to the physics behind the problems. The unknown details of the dynamics dictate 

a need for molecular dynamic (MD) simulations, but the desire for more accurate results 

on electronic structures or geometries necessitates the use of ab-initio or approximate ab-

initio methods. 

2.1 Molecular Dynamics 

MD codes allow for the quick identification of local and global minima of the 

potential energy surface, the corresponding defect geometry, and possible diffusion 

pathways. These MD methods (as well as Hartree-Fock methods) use the Bom-

Oppenheimer approximation to separate the nuclear problem from the electronic 

problem. The nuclear motion is solved from Newton's laws of motion with forces 
OT 

obtained from the total energies via the Hellman-Feynman theorem. The temperature is 

included in the kinetic energy of the nuclei via: 
Imv'^ikT 
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While the kinetic energy is a small part of the total energy, it can dominate the energy 

gradient. If the MD code is being used to study vibrational modes, keT > /ico as dictated 

by the classical limit (where co is the vibrational frequency), so MD is a high-temperature 

method. 

1 he time step is dictated by the species used in the calculation. Shorter time steps 

like 0.1 or 0.2 fs are used when Ught atoms such as H are in the simulation. Longer steps, 

up to 5.0 fs, are used when the calculation is of heavier (and slower) atoms like Ga. We 

use a 0.2 fs time step for hydrogen and a 2.0 fs time step for silicon in these calculations. 

For the same number of steps and thus the same amount of computational time, a heavier 

system will give simulation times which are an order of magnitude longer than one 

including Ughter atoms. In any case, the current practical limit of these ab-initio 

calculations is of the order of 1 Ops. ^ 

A drawback to codes which use periodic supercells is the possibility of defect-

defect interaction from adjacent cells. In our cells (64 atom supercells), the maximum 

distance between defect centers in neighboring supercells is 11 A. Since the orbital 

cutoff radius is 5.0aB for Si, the defects do not have a direct overlap, but there can be an 

indirect overlap due to the Si atoms neighboring the defect which are displaced from their 

perfect lattice sites. Testing configurations with larger supercells does show that the 

present work has little dependence on defect-defect interactions. The lattice constant of 

the 64 atom supercell was optimized using the total energy minimization method. This 

optimization resulted in the Si-Si bond length of 2.381 A, which is close to the 

experimental 2.523 A bond length for Si. The calculated bulk modulus is 1.001 Mbars 

(1.001 X 10** N/m^), which agrees well with the experimental value (0.99 Mbars).̂ -̂̂ ^ 

The various MD methods solve the electronic problems, Schrodinger equation, in 

different ways. The four basic methodŝ '̂̂ *: semiempirical potentials, en^irical tight— 

binding, ab-initio plane waves, and ab-initio tight-binding, all differ in their quantum 

mechanical solution. The equation must be solved at each time step. For comparison, a 

single point ab-initio calculation using a large basis set may take days for a 44 atom Si 

cluster. For MD, the accuracy is traded for speed of calculation, size of supercell, or 

both. Even with the sacrifices, this is the most difficult and time-consuming part of the 
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problem. The actual forces are obtained from the gradient of the total energy. Within 

LDF theory, the total energy is given by: 

.2 

^..=2^ U, P '\'M^U^]Vps(r-RA)\y\f)^ijd'r,ld'r n(r,) n(r^) 

r, -r. 
'2 

i,A ' , - - | ,^ - , ^ 

A*B\R^ -Rg 

where Vps is the appropriate ionic potential. 

The molecular dynamics code used for this research is an ab-initio tight-binding 

method, developed by Sankey et al.,̂ '̂̂ ^ where ab-initio means that no experimental input 

is used in the calculations. This code is based on Density Functional (DF) theorŷ "* within 

the local density approximation (LDA) and the pseudopotential approximation. This 

method uses a spin averaged (non-self-consistent) version of DF theory using the Harris 
•^S T i l _ _ 

energy fiinctional ' and the LDA. Non-local and norm-conserving pseudopotentials of 

the type developed by Hamann er a/, are used for the core states of electrons. The 

valence orbitals are approximated by a minimal basis set with localized atomic-like wave 

functions which are centered upon each ion (one s and three p ftmctions per Si site) so 

that only the valence electrons are seen by neighboring atoms. These pseudo-atomic 

orbitals (PAOs) are smoothly cut to a 5.0 ae confinement radius for Si and H. The use of 

a minimal basis set results in a loss of some variational freedom but gives calculations 

which are much faster than the ones of the Carr-Parrinello type. This allows the use of 

larger supercells and longer simulations than is possible using other ab-initio methods. 

The Sankey code is best for systems that do not involve much charge transfer. 

The eigenvalues and eigenvectors for the MD calculations are given in terms of 

the PAOs but the calculated energy gap is underestimated. This results in energy errors if 

there are occupied states within or near the conduction band. These errors can be 

effectively removed by comparing the appropriate energy differences for configurations 

instead of comparing the total energies. The eigenvalues are computed as a contribution 

to the total energy, but they are not the only contribution to the energy. So, these 

eigenvectors do not have the same significance of the eigenvectors of a simple single-

particle. The eigenvectors also change as the occupation of single particle states 



changes. These differences make predicting the position of energy levels in the gap a 

difficult task, especially for the unoccupied levels. No information can be learned about 

the conduction band states from this method. To compare to global states of a system, 

their total energies must be conqjared, not their eigenvalues.^^ 

The exchange-correlation potential term assumes the Ceperley-Adler"*^ form as 

parameterized by Perdew and Zunger."̂ * The classical equations of motion of the nuclei 

are solved using Gear's algorithm."^^ 

Fast reactions may be studied using constant temperature simulations. In the code 

used here, the temperature is controlled by using velocity scaling with the Yang, Drabold, 

and Adams temperature controUer."̂ '̂"̂  Constant temperature runs can last for several 

thousand time steps. These reactions can be made to happen on a shorter time scale by 

raising the temperature, but this increases the importance of the electronic exited states, 

which are not included. Since the forces are calculated and Newton's equations are 

solved at each time step, there is no accumulation of systematic errors. Comparisons to 

other calculations or to experiment indicate that the loss of accuracy is not substantial'*^. 
•^T TT AA A^ AQ 

The use of this technique for covalent systems is well-documented. ' ' ' 

Properties of perfect crystals are well produced with this technique. This approach has 

also been tested for some Si-H systems, and the stretching vibrational modes of Si-H in 

the four V-H complexeŝ *^ closely match experimental values.̂ * Our final results from 

our Harris functional MD simulations were input into a self-consistent MD code for 

comparison. 

MD simulations of defects in semiconductors, like the work done here, are done 

in periodic supercells. We used cells of 64 and 216 Si atoms. The basic 64 atom 

supercell for Si is a cube with an 11 A side. So equivalent sites in the supercell are 11 A 

apart. For the 64 atom supercell, 4 k-points in the Brillouin zone are used. With the 

larger supercell, only the T point is used (k=0) which restricts the reciprocal-space 

sampling but speeds up the calculations.^^ The larger supercell was used to check for 

size effects and defect-defect mteractions. 

The global and local minima of the potential energy surface can be found by 

quenching various defect configurations in the supercells. The quench is performed by 



removing part of the kinetic energy (ionic velocity) at every time step. This allows for a 

fast quenching to search for local minima and for slow quenching to search for global 

minima of the potential energy surface. In the case of a large defect which has many 

degrees of freedom, there may be a large number of local minima, and one must perform 

many quenches starting from non-equivalent configurations to find the lowest energy 

state and thus the global minimum. For cases with Si and H atoms present, settmg the H 

mass to the mass of the Si atoms can help speed the quench- This reduces the oscillations 

of energy due to the Ught hydrogen atom and allows for a longer tune step. 

With the ever-grovdng computer technology and the state-of-the-art computer 

graphics, MD methods also serve a relatively new and ever increasing fimction. The 

animation of whole simulations as directly viewable movies has greatly increased the 

understanding of reactions and diffusion. No longer must one plot out separate positions 

of atoms or try to mentally picture the reaction from a few "still" pictures from the 

simulation. The results from our MD simulations can now be easily animated by various 

methods, which include total frame by frame animation of each atom at every time step 

or only the animation of atoms with large displacements over a background of 

"stationary" atoms. Movies and pictures of results represented through Molekel can be 

seen on the web. 

2.2 Hartree-Fock 

Hartree-Fock (HF) methods directly calculate the many-body problem. All of the 

wavefunctions used in the present work are restricted closed shell (RHF). So, each MO 

has an occupation of 2 or 0 electrons with zero spin everywhere. 

The HF code used in this research is the method of partial retention of diatomic 

overlap̂ "*'̂ ^ (PRDDO/M). PRDDO is an all electron, approximate ab-initio HF method 

that contains no parameters adjusted to experiment but does not calculate all of the two 

electron integrals. The current version allows up to 3000 orbitals with no symmetry.̂ '̂̂ ^ 

There are mathematically well-defined approximations which let PRDDO scale as N^ (N 

is the number of orbitals) instead of N^ as ab-mitio methods do. One of these 

10 



approximations is that the atomic orbitals are orthogonalized by using Lowdin's ortho-

gonalization procedure. This orthogonal initial basis set makes the four-center integrals 

X;(^l)Xy(^l)X*(^2)X/(''2) {i,j\kj)=jd\\d\ 
^1-^2 

very small, and these integrals are neglected. This approximation introduces systematic 

errors which are later corrected in the Fock matrix. The remaining integrals are 

calculated analytically. 

Frozen core potentials are used to reduce the number of orbitals by removing the 

core electrons from the calculation. Thus it is more computationally efficient than true 

ab-initio HF methods. PRDDO gives reUable equilibrium geometries because of the use 

of Slater type orbitals (STOs) instead of Gaussians. The STOs give the correct cusp and 

tail to the wavefunctions allowing for better overlap of the wavefimctions than produced 

with Gaussian expansions. 

The speed of PRDDO allows for gradient optimizations of the geometry in CI 

symmetry for systems which are computationally prohibited with true ab-initio HF.̂ * 

These gradients allow the monitoring of cluster size effects and allow for relaxations, 

distortions, and reconstruction of the crystal. 

HF methods like PRDDO do have some weaknesses such as lack of electron 

correlation and the restriction to a minimal basis set. These weaknesses lead to an 

overestimation of energy barriers and vibrational frequencies.^^"^* As a result, PRDDO is 

used to provide geometries (as shown by con^arison to ab-initio HF and experiment) and 

approximate energetics and electronic structures. Equilibrium configurations are used as 

inputs for more computationally intensive ab-initio HF calculations. 

The equilibrium properties obtained from PRDDO have been tested̂ '̂̂ "*'̂ '̂̂ ^ 

against ab-initio HF with minimal basis sets and against experiment for over 100 

molecules and molecular ions.̂ ^ Typical errors for bond lengths are on the order of 0.02 

to 0.05 A.̂ ^ 

These calculations were generally done in 44 atom clusters with cluster size 

checks run using the 100 atom cluster. The clusters have an energy optimized lattice 

11 



constant. The surface of these clusters is saturated with H atoms, so the Si-H bond 

length is energy optimized along the trigonal direction to 1.445 A in order to minimize 

saturator effects. There are many advantages to using H as surface saturators, such as H-

Si makes strong covalent bonds, the H only adds a few orbitals, the bonding levels are far 

below the top of the valence band and the antibonding levels are fer above the bottom of 

the conduction band, and H has highly localized wavefunctions so there is no overlap 

with the defect. 

Because of the large number of degrees of freedom and thus longer computation 

times, only selected neighbors to the defects were reoptimized using gradient techniques 

in PRDDO/M starting from the lowest energy MD configuration. Results from both 

methods have been compared and are (at least qualitatively) independent of the method 

and crystal approximation used. 

12 



CHAPTER in 

RESULTS 

3.1 V-V Interactions 

The most important results from the MD simulations on the V-V aggregate 

problem are the lowest energy configurations and their binding energies. The various 

configurations of the vacancy aggregates were found by removing n (n = I,.. .,6) Si atoms 

from the perfect supercell, running at constant temperature for a short tune to thermally 

equilibrate, and then making a fast quench from lOOOK down to approximately 0 K. This 

procedure was carried out for each inequivalent configuration of the Vn complexes. 

There is only one configuration for the monovacancy, divacancy, and the trivacancy, but 

V4 has four inequivalent configurations, while V5 has six, and We has 18. The lowest 

energy configurations are the geometries where the n vacancies have been removed 

sequentially from a hexagonal ring. Figure 3.1 shows the geometry of such a hexagonal 

ring in a Si cluster without surface saturators. 

The energies associated with the minima of the potential energy for each Vn were 

used to calculate the energy gained by adding Vi to the most stable Vn-i aggregate. These 

relative binding energies are shown in Figure 3.2 and are defined as by AEn = {En + Eo} -

{En-i + El}, where Ei is the energy of Vi, En is the energy of the most stable Vn 

aggregate, and AEn corresponds to the binding energy of Vi to Vn-i. This method sets the 

binding energy of the monovacancy AEi (which is equal to 0) as the reference for 

measuring all of the other binding energies. The open circle corresponds to the 

experimental value AE2 (-1.6 eV).̂  The points marked above the curve are the energies 

of the inequivalent configurations calculated at the MD level. The energy for V7 was 

calculated by removing a nearest neighbor atom to the ring hexavacancy, not necessarily 

the lowest energy configuration, but the inequivalent geometries lead to similar 

dissociation energies. The formation energy of the vacancy is predicted at the MD level 

to be 4.0 eV,^ which is close to the results from other authors (3.5-^.1 eV).̂ "̂̂ ° 

The MD results show the following dissociation energies: 

13 



Table 3.1 Dissociation Energies for Vn Aggregates 

Vn 

V2 -> 

V3 -

V4 -

V5 -

V6 -

Dissociated into: 
V i + V , 

V2+V, 

V3 + V, 

V2+V2 

V4 + V, 

V 3 + V 2 

V5 + V, 

V4 + V2 

V3 + V3 

AEy: 
1.69 

2.08 

1.92 

2.31 

3.05 

3.28 

3.76 

5.12 

4.96 

As shown, the lowest dissociation energy occurs for Vn -* Vn-i + Vi and tends to increase 

for each Vn up to Ye- The dissociation energy of V7 is lower than that of V2. 

Figure 3.2 shows that V4 and V5 have metastable configurations close in energy to 

the stable geometry, while the metastable points for Ve are much higher in energy (at 

least 0.87 eV higher) than the ring configuration. The exceptionally stable Ve, which we 

will call the hexavacancy, forms a trigonally symmetric ellipsoid-shaped void, with a 

diameter of 7.8 A and a thickness of 4.4 A, as measured directly from intemuclear 

distances (see Figure 3.3). 

A simulation was run starting with a metastable configuration of Ve for nearly 

3000 time steps (6 ps of real time). A large amount of movement and rearrangement was 

visible in the simulation, but we were unable to continue the simulation for the 

substantial length of time (maybe nano- or micro-seconds) which would be needed to see 

the collapse into the lowest energy configuration. We believe that the metastable 

configurations do not survive in any substantial concentration because they should 

readily collapse into the lowest energy hexavacancy configuration. 

Figure 3.2 shows that Ve is the most stable of all of the small vacancy aggregates. 

This agrees with the prediction by Chadi and Chang^* almost ten years ago (see also 

Oshiyama et al.^^). Chadi et al. approximated the formation energy of Vn by En « 

NoBEb, where NDB is the number of dangling bonds for each aggregate and Eb is the 

energy of a Si-Si bond (« 2.35 eV). This method ignores all relaxation and 
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reconstruction effects as the energy En is found solely by counting the number of 

dangling bonds in the vacancy aggregate. Closed loops, such as V^ and Vio, have fewer 

dangling bonds than configurations which do not have closed rings and are predicted to 

be more stable than other vacancy complexes. 

While we do agree that Ve is a particularly stable configuration, we show that Ve 

is more stable than the other vacancy aggregates because of the almost perfect 

reconstruction of the 14 closest neighbors to the hexagonal ring.̂ ^ These 14 atoms 

reconstruct so as to become ahnost perfectly four-fold coordinated, with the sum of the 

degrees of bonding^^ for each of these atoms averaging 3.83. For atoms in the bulk, 

where all valence electrons participate in the covalent Si-Si bonds, this sum should be 

4.00 (in the perfect cluster, some polarization results from the presence of the hydrogen 

saturators on the surfece, and this number is 3.94).̂ "* For all other aggregates, the degrees 

of bonding sum to much less than 3.83 (3.65 for Vi, 3.38 for V2, etc.).̂ "* 

The high degree of reconstruction for Ve can be seen in Figure 3.4 of the 

eigenvalues calculated at the ab-initio HF level (PRDDO). V6 has no deep level in the 

gap, and while the other aggregates show deep levels. Ve only gives signs of band-tailing 

(unoccupied levels) from the conduction band into the gap. The band tailing depends on 

the basis set used, and although the MD calculations show more pronounced band tailing, 

these results are quahtatively the same with both methods. The calculations imply that 

V6 should not be an appreciable recombination center for electrons and holes. Due to the 

high mobility of Vi (and of V2 at 300 °C), Ve is expected to form readily. 

The dipole moments of the vacancy aggregates were calculated at the HF level. 

The values are as follows: 0.00 for the perfect cell, 0.09 for Vi, 0.22 for V2, 3.03 for V3, 

0.19 for V4, 0.26 for V5, 0.01 for Ve, and 1.67 for V7. The dipole moment of Ve is very 

small and points along the trigonal axis.̂ ^ The intensity of the signal in infrared 

absorption spectroscopy (FTIR) depends on the change m the magnitude of the dipole 

moment^^ during vibration and not on its absolute magnitude. The small oscillations of 

V6 should have negligible effect on the reconstruction of the surrounding atoms, so the 

dipole moments of V6 will have no appreciable change. Ye should not be visible by FTIR 

spectroscopy. There is the possibility of Raman-active modes, which would be visible, if 
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not in a phonon band. Calculations of the vibrational modes were prevented by the small 

size of the supercell used for these calculations. 

3.2 Dissociation of H? in Silicon 

There are several key results from the study of defect-induced dissociation of 

H2. ' The first of these results is that isolated interstitial H2 is stable in c-Si. We find 

that the minimum of the potential energy corresponds to the < 100 > orientation with the 

center of mass at the T site. This result of the lowest energy configuration agrees with 

the findings of other authors,̂ "̂̂ ^ but we observed through MD simulations that the H2 

molecule does not freely rotate, contrary to previously published results/̂ "^^ probably 

due to the coupling between rotation and vibration. Some previous authors have used 

systems in which they do not allow the H molecule bond length to vary with time. Our 

simulations show that as the molecule attempts to rotate it also vibrates on a similar time 

scale. As H2 twists off of its equilibrium axis the two atoms stretch apart. This coupling 

of the vibration and rotation change the local potential energy surface seen by the 

molecule. Hence the molecule did not rotate during one of our long simulations. 

The next result is the spontaneous dissociation of the H2 molecule when it is 

placed inside a monovacancy or even the large hexavacancy.̂  The molecule instantly 

dissociates when it is placed inside either of these voids. Bound H2 is not a local 

minimum of the potential energy because of the presence of weak/reconstructed Si-Si 

bonds. The only minuna for this type of defect have two Si-H bonds. 

The third result is the dissociation of the H2 molecule in the vicinity of V or I. 

When H2 and V or I are far apart, the only possible configuration for the defect is H2 plus 

V or I because the only minima are local for each defect. As the two defects come closer 

to each other, the potential energy surface forms other minima. These minuna 

correspond to configurations with two Si-H bonds near or at the V or I. As the two 

defects come very close together, the energy barrier for dissociation reduces and H2 

"melts." When H2 is farther than second-nearest-neighbor to V or I, the MD simulations 

(at 300 K with several thousand time steps) show H2 vibrating and rotating as the V or I 

defect changes shape. As a distorted Si bond moves closer to the molecule, H2 
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dissociates into one of several nearly equivalent configurations. Each of these 

configurations has two Si-H bonds m a locally distorted surroundmg. 

The potential energy difference between V infinitely far from H2 and {V,H,H} is 

4.0 eV. The potential energy difference between I infinitely far from the H2 molecule 

and {I,H,H} is 1.7 eV. The gam in potential energy comes from the formation of Si-H 

bonds and the reconstruction around the defect. This reconstruction results in a reduction 

of the lattice strain. Our results showed two different configurations for the {I,H,H} 

complex. One is a stable defect with a configuration very close to that found by Bech 

Nielsen et al. The other configuration is metastable and 0.4 eV higher in energy than 

the stable one. This defect has the two H bound to I at a puckered bond centered site (see 

figure 3.5). 

The final result about the dissociation of H2 is that the reaction of H2 + H2 -^ 

{V,H4} +1 gives only 0.06 eV while the reactions involving H2 and V or I are much more 

energetic. From this, we predict that two H2 molecules in an otherwise perfect crystal 

are unlikely to spontaneously produce intrinsic defects. 

3.3 Formation of H?-

AU of the calculations for the formation of H2* were carried out at the MD level. 

The energies cited are from the self-consistent version of the code while the long 

simulations are from the Harris energy functional version. 

The previously mentioned results at the MD level of H2 + V and H2 +1 are the 

starting point for two proposed pathways for the formation of H2*. Both H2 + V and H2 + 

I reactions readily dissociate the molecules and make the {V,H,H} and {I,H,H} 

complexes, respectively. Both of these complexes have been seen experimental V "̂*̂  in 

proton—implanted samples. The H2 + V -^ {V,H,H} reaction gives off 4.0 eV, and the 

H2 +1 -^ {I,H,H} reaction gives off 1.7 eV. Since at the same level of theory, the 

Frenkel pair formation energy is 8.2 eV (4.0 eV from the formation energy of I and 4.2 

eV from V* )̂, one can imagine that {I,H,H} could fiirther react with V, and {V,H,H} 

with I.̂ * 
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Using the energies calculated from MD simulations, one gets fairly impressive 

numbers from the total energy differences of these complexes and H2*: {I,H,H} + V -» 

H2* + 7.12 eV and {V,H,H} +1 -> H2* + 4.84 eV. Both numbers suggest that the I-V 

recombination at H2 will be appreciably exothermic and could produce H2*, but the 

numbers alone do not prove that the reactions happen. 

V was put into a supercell at a 3'** NN site to {I,H,H}. This simulation was run at 

1000 K for 4000 time steps (0.8 ps real time)and the reaction {I,H,H} + V -^ H2* was 

observed. This movie is available for viewing on the uitemet.̂ ^ When the same 

calculation was attempted at 300 K, the reaction had barely begun after 3000 time steps. 

We predict that {V,H,H} +1 -• H2* occurs in a similar manner, but on a longer time scale 

because the reaction is less exothermic. During a simulation of this reaction at 1200 K, 

the rearrangement had not yet begun after 8000 time steps (1.6 ps). 

Figure 3.6 shows six steps in the simulation of {I,H,H} + V -^ H2*. The first step 

(a) is the local minimum of the potential energy with {I,H,H} and V (the dashed circle) 

as 3̂ *̂ nearest-neighbors. In the second step (b) the atom labeled 1 leaves its 

substitutional position to recombine with the vacancy and atom 2 begins to take its place. 

The third step (c) shows atom 1 where the vacancy used to be, and now one can see the 

result of the V-I recombination. In the forth step (d) there are two Si-H bonds which are 

parallel and in the < 111 > direction but not both on the same < 111 > axis. The fifth step 

(e) makes evident the reconstruction of the center of the cell from (d). As the simulation 

continues on to the last step (f), the H atoms attached to atom 2 makes the final leap to 

the Si atom on the same trigonal axis to which atom 1 is attached. This final step is still 

at 1000 K (it is not a quenched configuration) and the two Si-H bonds precess around 

the same trigonal axis at the end of the simulation. When (f) is quenched, the result is 

H2-. 

3.4 H trapping at Vn 

Interstitial H traps at weak and dangling bonds in Si. Vacancies and vacancy 

aggregates are large voids, with reconstructed bonds, in which H can trap and form 

{V,Hn}, {Vn,H}, or {Vn,Hm} complcxcs. The {V,Hn} (n = 1,...,4) complexes have been 
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well studied theoretically*^'*^and experimentally.*"**^ We have currently been studying 

the {Vn,H} complexes at the MD and PRDDO/M levels. The calculations began at the 

MD level, where a single hydrogen was added to the lowest energy configuration for 

each inequivalent position inside Vn, and then rapidly quenched. The lowest energy 

{Vn,H} configuration was then input into PRDDO/M and the self-consistent MD code. 

The binding energies from these three methods were all calculated with respect to 

bond-centered hydrogen and isolated Vn: Vn + HBC ^ {Vn,H} + AEn, where HBC is the 

energy of bond-centered hydrogen m the perfect crystal. Figure 3.7 shows the buiding 

energies, AEn, for all three methods. The points not associated with a curve are energies 

of the various metastable configurations obtained from the Harris energy fiinctional 

method. These three curves show the same trends. The energy gained by binding H to 

Vn increases for larger aggregates (larger n). 

These binding energies come predominantly from the energy gained by forming a 

covalent Si-H bond, but the reconstruction and rearrangement (see {V4,H} in Figure 3.8) 

of the surrounding host atoms do play an important role. Some of the various 

configurations of trapped H in the vacancy aggregates have a different number of 

dangling bonds. Configurations with better reconstruction around the defect tend to have 

fewer dangling bonds than poorly rearranged complexes. As a result there is an almost 

1.0 eV difference in binding energies. Another part of this energy is because of the 

increased number of degrees of freedom associated with the larger vacancy aggregates, 

so they have the ability for more efficient reconstruction after trapping H. The 

metastable site for H all result in smaller binding energies, especially for large and well-

reconstructed hexavacancy, Ve-

Figure 10 is a comparison of the energy eigenvalues before and after H has been 

trapped. There are trends of the addition of H lowering energy levels farther into the gap, 

but no {Vn,H} complex has been passivated. Notice that Ve, which was originally 

inactive, has a deep level in the gap after trapping a single hydrogen atom. 
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Figure 3.1. Si38 Cluster Showing V^- The red atoms show the hexagonal ring used for 
making Vn aggregates. The surface saturators have been removed for clarity. 
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dots are the bonding energies calculated for the metastable configurations. 
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(a) (b) 

Figure 3.5. (I, H2} Configurations. Two of the configurations found for the (I, H, H} 
complex, (a) the stable configuration found by Bech Nielsen^^ (b) a metastable 
configuration with the two H atoms bound to an I at a puckered bond site. 
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Figure 3.6. Six Steps During the Formation of H2*. See text. The simulation starts with 
(a) a vacancy (the dashed circle) and the stable {I, H, H} complex, and ends with (f) the 
recombined I and V with the two H atoms on the same trigonal axis (H2 ). 
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Figure 3.8. {V4, H}. (a) the {V4, H} complex; (b) two MO's of {V4, H}. The yellow 
orbital is the reconstructed Si-Si bond (associated with shallow levels in the gap) and the 
reddish orbitals are a 'dangling' p orbital (associated with a deep level). Note that the 
small green points are the empty lattice sites of the V complex and that the Si-H bond 
points towards a perfect lattice site. 
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t f t i l A M A ^ ^ ^ ^ a M ^ l ^ n ^ ^ d ^ y H I 

CHAPTER IV 

DISCUSSION 

Vacancies tend to attract each other and form stable aggregates. The most stable 

of these small aggregates (n<8) is Ye, the hexavacancy. This hexavacancy is a trigonal 

defect made from an entire hexagonal ring missing from the crystal. So it is a large, 

trigonal, planar void in the crystal that should be able to survive high-temperature 

treatments. Extended defects such as prismatic dislocations and platelets could be 

nucleated at Ye. It is the smallest possible dislocation loop. Our calculations show that it 

is a gettering center for a range of impurities such as H or Cu,̂ ^ which are more stable in 

Ye than at interstitial or even substitutional sites. Chemists have long known the stability 

of the hexagonal ring (benzene), but what is remarkable here is that the stability of Ve is 

due to a ring which is missing from the crystal. 

Theory shows that the stability comes from the closed-loop structure of the 

hexavacancy which allows the surrounding host atoms to reconstruct to ahnost four-fold 

coordination with no dangling bonds. Unlike the other aggregates, there is no deep level 

in the gap and no appreciable dipole moment, thus this hexavacancy is not 'vacancy

like'. This defect should be electrically and optically inactive with maybe a low-lying 

Raman mode. 

There has been some indirect evidence of invisible defects which remain in 

samples after high temperature anneals. For example, neutron-transmutation doping 

results in extensive radiation damage that becomes electrically and optically active after 

850-1000 ^C anneals. If the annealed material is exposed to atomic H, shallow donors 

appear. ̂ ^ V6 should be able to survive the anneal and is activated by H, so V6 does have 

the properties that fit this experimental data. 

Our calculations predict that although interstitial H2 is stable when surrounded by 

perfect (or almost perfect) Si-Si bonds, it will undergo an exothermic dissociation when 

near strained, distorted or otherwise weak Si-Si bonds. This "melting" of the molecule 

results in the formation of the Si-H bonds while reducing the strain associated with the 
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original defect. Hence, the Ufetune of the H2 is directly proportional to its distance from 

strained Si-Si bonds. 

Whenever intrinsic defects such as V's or I's encounter mterstitial H2, the 

molecule dissociates. The result is a large release in energy and the formation of a new 

defect complex. In the case of V + H2 the result is {V,H,H} with a gain in 4.0eV, while 

for I + H2 the gain is 1.7 eV with the formation of {I,H,H}. Both of these complexes 

have been seen experimentally.̂ ^ Rapidly diffusing intrinsic defects break up stable and 

(mostly) mvisible H2 molecules in the bulk of Si. At high temperatures this results in the 

release of free H's, which in turn change the electrical and optical properties of the 

sample. Such a process is not likely to be important in equilibrium, when the 

concentration of V's and I's is low.' However, it could be critical in non-equilibrium 

situations when a flux of V's (during etching or nitridation) or Fs (during deposition of 

Al, Au, or n^ layers) is present. 

Our MD sunulation at high temperatures (above 500 K) show that the V + H2 

reaction (and to a lesser extent the I + H2 reaction) may cause the release of an H or 2 H 

uiterstitials. Here, the energy released by the dissociation of the H2 molecule was given 

to H as kinetic energy, and can be large enough for the H to escape the defect at high 

temperatures. As some methods of hydrogenation inject V's or I's into the bulk (proton-

implantation and plasma exposure), these calculations may provide great insight into 

material processing. These results provide a plausible answer to why H2 in c-Si is very 

difificuh to detect and has only been seen when the concentration of H is very high.̂ '̂̂ * 

In current PL studies by Safonov et aL̂  the samples were hydrogenated near the melting 

point of Si and then rapidly quenched to force a high concentration of H throughout the 

bulk of the material. The material was then irradiated to precipitate H at the defects. A 

subsequent anneal was performed to release H from these traps. Our results predict the 

H2-related PL lines should disappear as V's or I's are injected into the material. 

Without surface damage on the sample, hydrogenation from a gas source at a few 

hundred degrees Celsius is very inefficient.̂ ^ The absorption barrier for a perfect surfece 

has been found to be 0.8 eV.^ Secondary-ion mass spectroscopy (SIMS) studies have 

shown that rubbing a perfect surface with a cotton swab and a 0.3 micron grit (forming 

30 



surface damage) results in a substantial increase of hydrogenation of the material^'. Our 

calculations show that the H2 molecule dissociates freely without an energy barrier as 

long as there are strained Si-Si bonds on the surface. 

San:q)les of Si grown in H2 ambients contain large concentrations of hydrogen. 

When studied by FTIR, these samples have only a few, weak, Si-H lines. After these 

samples have been electron-irradiated (which injects V's and I's into the material) at 

room ten^)erature, there is a very large increase of the number and intensity of the IR 

lines. This experiment implies that hydrogen in the sample has changed from (ahnost) 

IR-inactive states (interstitial H2) to IR-active ones ({Vn-H and {I,Hn} complexes) where 

Si-H bonds can be seen. 

These results show how the reaction of H2 with intrinsic defects makes the 

experimentally observed IR-active centers.'̂ -̂ -̂̂ ^ The rapidly difftising V's and I's 

interact with other defects such as H2, which gives an exceptionally energetic reaction. In 

samples containing hidden hydrogen, which is now identified as interstitial H2, the 

interactions result in the formation of {V,H,H} when vacancies are present, {I,H,H} 

when I's are present, or H2 , when both V's and I's are abundant (such as during electron 

irradiation, ion implantation, or rapid thermal anneals). We have tested the latter with an 

MD simulation beginning with a quenched configuration of a stable {I,H,H} complex 

and a V at a third-nearest-neighbor site. The proposed reaction for H2* was observed 

after 4000 time steps. While this is certainly not the only method by which H2 can form, 

this particular reaction does indeed work. 

The reaction of H2 + H2 ̂  {V,H4} +1 gives off too Uttle energy to be an 

appreciable pathway for extended defect formation. The reactions of H2 with V (4.0 eV) 

and I (1.7 eV) are more plausible candidates for extended defect formation. 

H diffusivity is often measured by the passivation of B acceptors as a fiinction of 

depth in the material. This method gives a wide range of results for the diffusivity from 

apparently similar conditions.^ A pathway for the diffusion of V-H pairs has been 

proposed* '̂̂ '̂̂ ^ (vacancy-enhanced diffiision) to explain the surprisingly efficient 

passivation of poly-Si solar cells. From our H2* results, we propose an explanation. V's 

and/or I's in samples which already containing H2 will dissociate the molecule and form 
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their respective complexes. These complexes will then proceed to react with the intrinsic 

defects to form H2 which thermally dissociates at high temperatures (above 200 °C) 

leaving interstitial H in the crystal. The activation energy for diffusion"̂  of the neutral 

vacancy is 0.45 ± 0.04 eV, which is remarkably close to the 0.48 eV activation energy for 

hydrogen. However, both of the stable, charged species of the vacancy, V ^ and V", 

should interact with H and have much lower energies for diffusion. 

Concerning the trapping of H at Vn, we found that H always traps with a 

substantial binding energy. This energy is approximately equal to the Si-H bond strength 

(about 3eV) with some differences due to the reconstruction of the defect around the Si-H 

bond. The boimd H atom points towards a perfect lattice site and the rest of the vacancy 

reconstructs around the Si-H bond. 

The bmding energy of H to the vacancy aggregate does not correspond with the 

stability of the aggregate, but does correspond to its size. This is due to the ability of 

larger aggregates to reconstruct around the Si-H bond and minimize the number of 

dangling bonds formed. 

The initially inactive Ye is activated by trappmg a single H. None of the {Vn,H} 

complexes were passivated by the addition of a single hydrogen. Further studies of 

multiple H's trapping in Vn aggregates are ongoing. 
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APPENDIX 

A.1 HartreeFock 

HF methods directly calculate the many-body problem. The solution is found 

using a Hamiltonian consisting of the kinetic energy of the electrons, the electron-nuclear 

interaction, and the electron-electron and nuclei-nuclei repulsion terms. This 

Hamiltonian is given in AU's by: 

AJ ^" ^'J ATB '^^ 

where A and B denote the nuclei, i and j the electrons, Z are the nuclear charges, and rxy = 

|rx - ry|. The many electron wavefimction, |^>, is constructed as one (or several) Slater 

determinant of one-electron molecular orbitals (MOs) (|)̂ , each ofwhich is a linear 

combination of atomic orbitals (AOs) Xi 

where the variational coefficients ĉ i may be spin dependent.̂ '̂̂ "̂  Then the expectation 

value of the Hamiltonian <^|H|T> is calculated. To achieve self—consistency an initial 

guess is made for the expansion coefficients c /̂̂ ^ which are used to construct the 

wavefunction |¥^^^. The Hamiltonian is then diagonalized and the eigenvectors are a 

new set of coefficients cj^\ which are used to obtain the next wavefunction f¥^^h>. This 

cycle continues to self-consistency. 

The most tune-consuming part of this method is the evaluation of the four-center 

integrals, which have the form 

/ - 1 / A r^^ f^3 Ziifj) Zji^i) XkiJ^i) Zii^i) ii,j I k,l) = \d r, \d r^ -z—z 

Note that electron exchange integrals are all calculated, but that no electron correlations 

are included, except for the antisymmetry of the wavefunction. The number of these 

integrals is proportional to A^/8, where N is the total number of orbitals. This amount can 

be reduced by using pseudopotentials^^ or frozen cores.^ The HF calculations which 
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evaluated all of the required integrals are called ''ab-initio'\ The ab-initio HF methods 

predict very good equilibrium geometries and electronic structures, but overestimate 

barriers for diffiision and vibrational frequencies, especially if small basis sets are used in 

the calculation. 

A. 2 Density Functional 

Hohenberg, Kohn, and Sham^̂ '̂ *'̂ ^ (HKS) have shown that the ground state of the 

interacting electron gas can be calculated through the one effective particle Schrodinger 

equations. HKS assumed a non-degenerate systems in its ground state under the 

influence of an external potential V(T). The second-quantized Hamiltonian operator H 

consists of the kinetic energy T, the electron-electron Coulomb interaction U and the 

external potential V: 

H=T+U+V 
where 

r = -±J^V(D^(r).VO(r), 

U^xldrdr'^l^'"'^''^'^^'^''^''^ r-r 
and, 

V^\dr^\f)V{r)^(f). 

The ground state is denoted by ̂ , the associated density by «(r) and the number of 

particles by 

N = \dr n(r). 

This theory is based upon two theorems. The first theorem states that the ground—state 

wave fiinction is a unique fiinctional of the density. The second states that for a given 

external potential, the groimd-state energy is minimal for the correct «(r). 

These equations must now be reduced to a one body problem The additional 

condition 

N = \df n(f) = const. 
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is now mcluded using a Lagrange multiplier, and 

d\E^{n}-^ldrn(r)]=0. 

The resulting Euler equation reads: 

dEyjn} 

dn(r) 
^i ' 

where ^ is the chemical potential. Using a universal functional F 

F{n} =<'¥\T+ U\'¥ > 

and the energy fiinctional 

Ey{n} = F{n}+jdfv(r)n(r) , 

the above Euler equation can be rewritten as 

dF{n} _-,^, 
—jzr + V{r} = ii . 
on{r} 

Since one often finds it convenient to separate the long-ranged electrostatic interaction 

from F, one can define F as 

. <r) n(F) 
F{n} = G{n} + ^jdrdr' 

r-r' 

and since the external potential is often caused by a distribution of positive charges nex^r) 

V(r) = - jdr' ."e:a(^') 

r-r' 

, n(r) n(r') 

r -r 

one can write the total energy as 

Ey{n} = G{n} + \\drdr 

This makes the Euler equation 

bG{n} , . ,.., 
on{r) 

where the electrostatic potential Ves(^) is defined as 

\dfdr ,ri(r)n^(f) 

r -r 

V^(r)=\dr 
n(r)-n^(r') 

r-r' 
For a system is interacting particles, one defines the exchange-correlation energy 

functional i5:jcc{«} by 

E^{n}^G{n}-TM • 
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The Euler equation becomes 

dn{r) "' Sn{r} 
which gives rise to the definition of an effective potential as: 

V.f{r>(r).f} = V^(f)^^^^ 
on(r) 

where it contains the Hartree potential Vnin) and the external potential Vext{n} in the 

electrostatic potential KeXr), and an exchange-correlation potential V^dn} in terms of the 

Exc energy fimctionaL All of these terms are fiinctionals of the ground state density 

fKf^ = ^k.(r)\'-
i 

By this method, the solutions for the Euler equation for interacting particles follow from 

the solution of the equation for non-interacting particles 

6n{r} 
This can be solved exactly by con:q)uting the solutions of the one—^particle Schrodinger 

equation (in atomic units) 

{ - T V ' + V^{n(r),r}}y^,(r) = s, v^,(r). 

One starts with a guess density n^^Xr), constructs Veff{n^^^), and solves Schrodinger 

equation. The eigenvectors provide a new density n^\T) which is used to calculate a 

new effective potential Veff{n^^^}, and the cycle continues to self-consistency. One must 

beware that Ts is not the true kinetic energy, but onl} the kinetic energy of a non-

interacting system (single particle system). If one sets Exc = 0, the Hartree approximation 

is recovered. 

The self-consistent sohition would give the exact ground state density, were Exc 

known- This potential is written as the fimctional derivative of the exchange-correlation 

energy Exc, which itself is not known. The "local density approximation" (LDA) 

supposes a sbwly varying density and consists of ejqjanding Exc in the Taybr series 

and neglecting all but the first term of this expansion. Several parameterizations exist 

£,,{«} s jd'r n(r) e^'\n(r)) + ̂  jd'r ^n(F)' s^'\n(r)) + .... 
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40,41,100,101 ^^j. ^^^ g(i) , j ^ j^p calculations using the LDA are often referred to as LDF 

calculations. Note that although electron correlation is included, the electron exchange is 

approximated. On the other hand, HF techniques include exchange exactly, but neglect 

correlation. 
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