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Native defects in Si are readily created during a variety of processes. They diffuse rapidly and interact with
themselves, with each other, and with many impurities, in particular hydrogen. Vacancy-hydrogen complexes
are better understood than self-interstitial-hydrogen ones, excefpirfero) the{l,H,} complexes, which has
been detected by infrared absorption spectroscopy and predicted theoretically. In this paper, the interactions
between one neutral self-interstitid) and up to four hydrogen impurities are studied systematically using
first-principles molecular-dynamics simulations with basis sets consisting of linear combinations of atomic
orbitals. Except fon=1, each of th€l,H,} complexes has at least one metastable configuration. One family
of structures has two H’s bound to the same Si atom. Another family of structures has a single H bound to each
Si atom, forming a “zig-zag” chain of Si-H bonds. The former complexes are more localized, with H tying up
bonds at the defect itself. The latter complexes are more extended, and illustrate how H relieves the lattice
strain associated with a defect. The experimentally obsefléth} complex is the most stable of the series.

The configurations, stabilities, electrical activity, and spin densities are discussed. We find that total energy
differences and electronic structures are sensitive tdtpeint sampling, even when using 128 host-atoms
cells. For the type of defects discussed here, more tharkfpoints may be needed to achieve convergence in
that respect.
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I. INTRODUCTION The simplest situations to study theoretically involve the
strongest Si-H bonds, because the minima of the potential
Hydrogen is a common impurity in silicon and other surface are deep and well defined, and few or no metastable
semiconductors. It diffuses rapidly and interacts with a wideconfigurations exist. This is generally the case for vacancy—
range of impurities and native defects. These interactiongyqgrogen defects. Several complexes of the t)igg, Hy}
often involve some degree of covalent bonding between Hy\ e peen identified theoretically? and experimentall§*2

and Si atoms. The most common consequence Is a change\ms now established that the deep lev@isf the vacancyV)
the energy spectrum associated with the defect. Energy levels

may shift within the gap, from the gap to a bafEhssiva- can be_ fully passiva’_teql by four H atoms trapped in it, with all
tion), or from a band to the gafactivation.> The thermal four Si-H bonds pointing toward the center of the vacancy
stability of most complexes containing H is of the order of a(see, e.g., Ref.)7 ) »

few hundred °C. The most stable ones usually involve H and  1he four{V,Hy} complexes have been identified by 'EOU'
intrinsic defects, in particular vacancy type, because nearl{él transform infraredFTIR) absorption spectroscopy:
ideal Si-H bonds can form. The strongest bonds occur whehlowever, the stretch mode at 2222 chwith T4 symmetry

H binds to a perfect dangling bond, that is to a Si atom whicthas been assigned to both #hé H,} compleX*°and to the
ends up nearlgp® hybridized. The stretch vibrational modes interstitial silane (Sikj) molecule!**°The empirical valence

of such Si-H bonds are in the 2000-2222 ¢mrange. force-field calculations of Guorest al'® favored {V,H,}
Weaker Si—H bonds, with modes as low as 1800 ¢trar  over interstitial SiH. Semiempirical Hartree-Fock calcula-
s0, correspond to Si-H bonds where Si has a different hybridtions by Frolov and Mukashé{ of force constants for the
ization, such as H at an antibonding sitehere Siis~sp®  two possible models found that the Si-H force constant of
hybridized or H bound to a Si atom which is off the trigonal SiH, in silicon is substantially reduced relative to that of free
axis, neither sp2 nor sp3 hybridized, as when self- SiH,, suggesting that the high frequency observed should be
interstitials ('s) are present. In the latter case, thie@bitals ~ associated witfV,H,} rather than interstitial silane. Recent
of Si have a nonzero population, allowing a variety of first-principles calculatiort§ of vibrational modes confirmed
weaker Si-H bonding structures. Note that in hydrogenatethat the stretch mode of interstitial SjHis close to
amorphous Si, Si-H stretching modes around 2200 tare 1800 cm %, far too low to be associated with the observed
associated with H bound to a Si atom with three other Simode.

nearest neighbors, and the lower 2000 émmodes with Much less is known about oth¢r,H,} complexes. Only
two H’s bound to the same Si atom with two other Si nearesbne kind of{l,H,} complex has been firmly identifi&tiby
neighbors’ FTIR andab initio theory. The defect haS, symmetry and
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the high-frequency local vibrational modes of the this com-calized levels associated with and that the defect has a
plex are at 1987 and 1989 crh very low activation energy for diffusion from spktt10) to

The issue of hydrogen interactions with implantation orhexagona(0.15-0.20 eYand among hexagonal sités03—
radiation damage is almost 25 years old. Stbabtained the  0.18 eVj. A quantum Monte Carlo stud§finds the H site to
first IR spectra in Hand D implanted silicon, and suggested have the lowest energy by 0.14 eV in a 54 atoms cell using
that V's and I's form complexes with H. Numerous other geometries optimized using DF within the local density ap-
authors later studied H-defect centers and sometimes prgroximation. However, since the isolatédhas yet to be
posed models. For example, Gerasimeskal.?! found new  observed in Si, there is no experimental information to which
IR bands and studied their annealing behavior. &al'*  theory can be compared.

proposed that the 2222 crh line with T4 symmetry was In this paper, we present the results of systematic theoret-
caused by an interstitial silane (S)Hmolecule, and pro- ical studies of the{l,H,} family of complexes withn
posed the split-100) {I,H,} defect for the 1946 cm' line.  =1,...,4,including the interstitial silane and silyl mol-

Suezaw# also proposed models for various lines in the IR ecules usingb initio dynamic rather than static methods. By
spectra, and Fatimat al?® performed electrical measure- performing simulated quenching, we find a dozen local
ments on H-defect centers. New ways to associate IR lines tainima of the potential energy, calculate their relative sta-
different families of complexes, and neflargen types of  bilities, discuss the electrical activity and other properties
complexes are being examin&dThe recent experimental (such as spin densities of the more stable
work was reviewed by Mukasheat al?® It is only recently ~ complexes.

that some of the key H-defect complexes have been identi-

. : ; 911,19 At
fied with a high degree of certainty**°by a combination . THEORETICAL APPROACH

of FTIR (including uniaxial stress studigselectron para-

magnetic resonance, amth initio theory. The preliminary resulf§ were obtained from molecular-

The first theoretical studie@xtended Haokel in clusters  dynamics(MD) simulations in periodic supercells of 64 Si
and intuition-based models of H-self-interstitial complexesatoms(excluding the defe¢iand fourspecialE points for the
emerged from Corbett's group in the 1970Ref. 26 and  Brillouin zone sampling as well as a few calculations in a
have been summarized by Sitial?” Of note is the descrip- 216 Si atoms cell with only th& point. In that work, the
tion of an{l,H,} complex essentially identical to the one that spin-averaged, non-self-consistent Harris energy functibnal
would be observed almost 20 years later. D@t al?® per-  and a minimal single-zetéS2) basis set of one and threep
formed semiempirical Hartree-Fock calculations in periodicpseudoatomic orbital per Si atom were used. A few calcu-
clusters and found that nfl,H,} defects are energetically |ations including approximate self-consisteffeyvere also
favorable over the isolated and H, except for{l,Hz}.  performed. The potential energy surface for a self-interstitial
They report a metastable configuration of this defect, whickwith one to four H's was explored by performing rapid
hasl at a puckered bond-centered site with both H's bound tqquenches starting from symmetrically inequivalent initial
it. The same metastable configuration was recently observesbnfigurations. The method is very useful to explore compli-
in ab initio tight-binding high-temperature molecular- cated potential energy surfaces because the small basis sets

dynamics simulatiorf€ of the reaction +H,—{1,H,}. and non-self-consistent nature of the calculations substan-
Van de Walle and Neugebad®performed first-principles  tially reduces the required computer time.
calculations for thel,H} and one of thel,H,} complexes In this work, we report fully self-consistesib initio cal-

using density-functional theory with a plane-wai#8 Ryd culations of the structure and energetics of self-interstitial—
cutoff) basis set, in a periodic supercell of 32 Si atof@®-  hydrogen complexes in Si. These density-functiotiaF)
cluding the defegt They find that neutral has a split110)  calculations are done within the local spin-density approxi-
configuration. The coordinates they published show that thenation. The exchange-correlation potential is that of
center of the split is off the substitutional site in th@01)  Ceperley-Adlet’ as parametrized by Perdew and Zurier.
direction by 0.67 A. The(l,H} complex is a distortion of Norm-conserving pseudopotentials in the Kleinman-
this configuration, with H bound td. The binding energy Bylander forni® are used to remove the core electrons from
relative tol and isolated bond-centered hydrogen,{Hs the calculations. The valence electrons are described using
1.34 eV. They predict that this defect has-a/Q) level 0.4 linear combinations of numerical atomic orbitallsCAO)
eV above the valence barithis level is occupied by one basis sets of the Sankey tyfrebut generalized to be arbi-
electron when the defect is neujrahd a (0-) level 0.1 eV  trarily complete with the inclusion of multiple-zeta orbitals
higher. As for{l,H,}, they predict a structure rather similar and polarization staté$.In this work, a double-zeta plus
to the one observed.The binding energy is calculated to be polarization(DZP) basis set is usedhat is two sets 0§ and
about the same as f¢r,H,}. They predict thafl ,H,} hasno  p plus one set ofl orbitals on each Si atom, and tvecand
level in the gap, and should not be a trap for further H im-one set ofp orbitals on each H atomThe charge density is
purities. projected on a real space grid with equivalent cutoffs of 50 to
In a recent papett Needs discussed the properties of the100 Ry to calculate the exchange-correlation and Hartree po-
neutral isolated in a 128+ 1 cell using plane-wave basis tentials. The calculations are performed using thesTA
sets. The most stable structure is the sfitd) configura-  code?**!
tion and the center of the split is about 0.7 A off the substi- Note that the use of atomiclike basis sets makes it com-
tutional site in the(001) direction. Needs finds no dedjo- putationally difficult to test for basis-set convergence in the
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same way plane-wave basis sets can be tested. A sufficiently
large number of plane-waves can minsj@, d, f and higher
orbitals, and one can increase the cutoff energy to test for
convergence. A comparable test of a local basis set would
involve adding(i) multiple-zeta functions for each valence
orbital (e.g., many sets of< orbitals in the case of yand

(iil) many sets of polarization functiote.g., multiple-zeta
3d’s, 4d’s, 4f’s, etc., on Si. Since the calculations scale
roughly asN® whereN is the total number of orbitals, the
computational effort associated with such tests becomes to-
tally impractical. However, decades of experience with
atomic basis sets have been accumulated in Hartree-Fock
(HF) and post-HF calculations as well as DF calculations in
clusters, and it is very well establisfdhat DZ basis sets
improve substantially on SZ ones, but triple or more zetas do
not. Similarly, adding one set of polarization function to a
DZ basis set does most of the trick, and adding multiple sets FiG. 1. The isolated neutral self-interstitial has a s{it0)

of polarization functions results in marginal correctiéfis. configuration. the center of the split is shifted by 0.76 A in the
This is particularly true for a semiconductor such as Si. Thg001) direction.

Si 3d orbitals play a substantial role when dealing with large

distortions(such as for the reconstruction around a vacancy Fig. 1 in the 64 host atoms cell. The calculated formation
in which the Si atoms are no longep® hybridized. How-  energy of the self-interstitial is 3.33 eV in the 128 host atoms
ever, we are aware of no defect in Si for which thleatbit-  ce|| a DZP basis set, and ax2x 2 k-point sampling, in

als of Si would contribute at all. Note that a system as comgomplete agreement with other auth¢sse, e.g., Ref. 31

plex as I-Si is very well described byiESTA even with a The hexagonal interstitial site is also a local minimum of
minimal basis set; although the basis set is obviously not the potential energy for the neutral self-interstitial, 0.35 eV
converged. above the split110) ground state. However, this site is not

On the other hand, given a reasonably large basis, varyingtaple upon heat treatment: a 1000 K constant-temperature
the cell size as well as thle-point sampling plays a much MD simulation for 1000 time steps followed by quenching
more important role than improving the basis set beyondorces the self-interstitial into the split:10) configuration.

DZP. In the present and other wotk!®we have extensively Our calculations show that at least four H’s can trap at a
tested these issues. For cells as large as 128 host atoms, weutral self-interstitial. The configurations range from a se-
do find that using only th& point (k=0) is not enough for ries of Si-H bonds on adjacent Si atoms to several H's bound
accurate static{=0 K) results. In many situations, using to a single Si atom. Our notation for these structures is

four special k points or a 2¢2Xx2 Monkhorst-Pack (N)-(m)----, meaningn H's bound to one Si atomm H's
sampling” is necessary and sufficiefthe maximum force ~bound to the adjacent Si atom, etc.
changes no more by using ax3x 3 mesh, for example The only possibility for{l,H;} is (1), but{l,H,} can be

However, the present work includes an examfttee self-  (2) or (1)-(1). The three possibilities fofl,Hs} are (3) (the
interstitia) where the presence of gap levels does depend offiterstitial silyl molecule Sib), (2)-(1), and(1)-(1)-(1). Fi-
the k-point sampling beyond a22x 2 mesh. nally, the possib.ilities fofl,H,} are (4) (the interstitial si-
In this paper, MD simulations are performed using DFlane molecule Sig, (3)-(1), (2)-(2), (2)-(1)-(1), (1)-(2)-(2),
guantum-mechanical forces. The ions are treated as classicd (1)'(1)'(_1_)'(1)-
particles and the electrons remaih @ K on the Born- The sftablhty _of'each complex was calculate_d as the larg-
Oppenheimer surface. Simulated quenching with a time stefSt POSSible gain in energyE, obtained by adding isolated
of 2.0 fs(0.2 fs with H in the cell provides the equilibrium  Hoc to the most stable of thf,H, ,} complexes:
configurations and potential energy differences. The host
crystal is represented by a periodic supercell of 64 or 128 {1 Hy— 1} Hoe— {1 Ho} + AE,.
host atoms(excluding the defegtwith k-point sampling Thus, if a thermal anneal breaks up a giérH,} complex
varying from thel" point only to a 33X 3 mesh. All the into the most stablél ,H,_;} complex and Ig;, thenAE, is
configurations obtained earl#rwere quenched again, and the binding energy.
new ones explored, with and without spin polarization. Table | gives theAE,'s calculated in the 128 host-atoms
cell with a DZP basis set and spin polarization, with either
only theT" point or a 2x2X2 mesh. Note that which con-
. RESULTS figuration of{I,H,} has the lowest energy is independent of

In agreement with all other DF calculatioffe>#852we  the number ok points, but the binding energies vary signifi-
find that the isolated neutral self-interstitial has the split-cantly. The geometries of the various structures do not de-
(110 configuration. The center of the split is shifted by pend very much at all on the-point sampling, but the ener-
0.80 A in the(001) direction. The structure is shown in gies do. Two configurations dfl,H,}, (2) and (1)-(1), are

235211-3



GHARAIBEH, ESTREICHER, FEDDERS, AND ORDEJD PHYSICAL REVIEW B 64 235211

TABLE I. AE,(eV) is the energy gained by forming ,H,} It is the one that has been identified experimentally and pre-
starting with the most stabl,H, 1} and H,.. The energies were dicted by a number of authorsee the Introduction The
obtained from conjugate gradient calculations in the 128-host atomgetastable structur€) was first predicted by Déaet al?®

cell, double-zeta polarized basis sets, spin polarization, with e“hefhen observed to form in MD simulatio®sof the reaction
only k=0 or a 2x2X 2 Monkhorst-Pack sampling. The most stable I+ Hy— {1, Hy)
2 nvig

configuration of eacHl,H,} complex is in bold. Three structures

are not listed: they correspond to complexes which should not form; The next-most stable complexes dieH, }, then{l, Hs}

(1-(1)-(1)-(1) hasAE,~0 while (3) and (4) haveAE, <0. in the (1)-(1)-(1) configuration. In the case §f,H,}, (3)-(1)
is closely followed by(1)-(2)-(1). Experimentally;® the (1)-

r 2X2X?2 (1) complex anneals out at 225°C. Since this is the most
complex configuration A E, (eV) AE, (eV) stable of all{l,H,}'s, we expect that only th¢l,H;} and

{I,H,} complexes are stable at or above room temperature.

{1 Hy} (1) 1.36 165 The vacancy-H complexes have calculated binding energies
{1.Hz} @-(D) 175 1.85 of the order of 3 eV or mor& and are stable up to much
) 1.65 1.80 higher temperatures. Further, under conditions of high H im-
{1, Hg} (D-(1-Q) 1.39 1.26 plantation, there are too many defects at which H could trap
(2-(1) 0.76 0.62 with much larger binding energies to expect theHs} and
{1, Ha} (3-(1) 0.99 1.35 {I,H,} to form in significant amounts. Thus, we expect that
(1()2()222()1) 833 1;2 only {I,H;} and the two{l,H,} give rise to FTIR lines. Fi-
' : nally, our energetics confirm the conclusionsabfinitio cal-
@-(D-D) 0.87 0.87 culations of vibrational modé%that the 2222 cm® is not

due to interstitial silane.

very close in energy. The former has yet to be detected ex- '€ atomic spin density foj,H,} show that 40% of the
perimentally. The structures not listed in the tafieey are ~°dd €lectron resides on two Si nearest-neighlibils's) to -
(1)-(1)-(1)-(1), interstitial silyl (3), and interstitial silang4)], ~ the Si-H bond. These two atoms are marked with “0.2" in
have AE.<0 and should not form. Note that constant- F19- 4- Another 25% of the spin is spread around further 8
temperatTJre MD simulations have sh&Vihat the reaction NN'S, and the rest is delocalized in the supercell. In the case
| +H,—(1)— (1) occurs with a substantial gain in energy. of _{I’,H3} In _the (1)-(1)-(1) configuration, only 20% of the
Thus, we do not expect interstitial Hnolecules to form spin is localized, 10% on each of the two Si atoms marked

under the conditions described in this work. Further, the for—flo'lﬂ in Fig. 4. As for the (2)-(1) complex, the odd electron

mation of the § complex appears to requirethe presence is fully delocah;ed in the cell. . .
of vacancies as well as self-interstitials The electronic structure of these defects is an important

Figure 2 shows how the largeatE, varies with n. Fol- issue as it determines their electrical behavior. A defect may

. . . : : induce localization of carriersif levels are present in the
lowing the maximum foKl,H,} in the (1)-(1) configuration, S i .
. . : ap. The passivation of defect levels is also an important
the energy gain drops with n. Figure 3 shows the stable an ST : .
. . - .._Issue when considering interactions between defects and im-
selected metastable configurations, drawn within the familiar” ™~ . .
L purities such as H. Our calculations allow us to address this
primitive cube. issue in a qualitative way from the LDA spectrum
The {I,H,} complexes are the most stable of the entire q Y P '

. . For the split¢110) self-interstitial, our results show the
series. Of those, thel)-(1) structure energetically preferred. presence of a defect band below the conduction band edge of

the perfect Si crystal. We find that the position of the defect
] states within the gap is strongly dependent on the values of
~X 1 the k points used to compute the band energies. This indi-
I ;k‘ \ ] cates that these states are not very localized and that the
L5 - / \ : interaction of these states in neighbor image cells is strong
I / \*___,_.-* ] enough to produce a significant dispersion.
] Figures 4 shows the dispersion of the energy bands in the
10 L / ] Brillouin zone calculated in the 128 host-atoms cell with a

/ ] DZP basis set and 3R points. The figures show the band
/ ] structures of(a) the perfect cell,(b) the split{110) self-
os | / 1 interstitial, and(c) the{l,H,} complex in the(1)-(1) configu-
Ty ] ration. The band gap of the perfect cdll48 e\) agrees well
/ 1 with that obtained with plane waves by Ne&d€.55 eV},
L/ ] even though the latter was calculated using the experimental
0.000 1'0 2‘0 3'0 4‘0 Iat.tig:e_constant of Si, w_hereas we have _used the one that
) ) - ) ) minimizes the energy with our LDA functional, pseudopo-
tential and basis set. The band structure of the cell with a
FIG. 2. Energy gainedin eV) by forming the most stable self-interstitial shows a defect-related band with significant
{I,H,} complex from the most stablg,H,_,} and isolated K. dispersion, well below the conduction band minimum of the

2.0 T \ T

AE, (V)
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« {LH}: (2)-(2)

FIG. 3. Various stabl¢l,H,} complexes shown in the primitive cell. The substitutional site in the center of the cube is drawn as a small
circle. The H atoms are in black. In the case of (Bestructure of{l,H,}, the relevant trigonal axis is dashed. RoyH,} and{I,Hs}, the
localized fraction of the odd electron is indicatestte text The stability of the various complexes is given in the table.

host Si crystal in much of the Brillouin zone. Such a largeplane-wave methods, only the contribution to the Hartree

dispersion indicates that the defect states are not highly Igsotential which comes frondp (the difference between the

calized. The localization length is certainly larger than theactual self-consistent charge density and the sum of the den-

unit cell size. Therefore, we cannot decide at this point whasities of all the free atoms at every poing computed by

would be the exact location of the defect state for a singleneans of an FF{! Since the present situation involves little

interstitial in Si, since calculations in much larger unit cells charge transfer, the misalignment of the potential energies of

would be required. However, our results tend to indicate thatlifferent cells is expected to be small. We have checked this

this defect may induce a state no more tha®.2 eV below by comparing the values of the macroscopic potetitia

the conduction band edge. Finally, the band structure othe defect-free cell to that of the cell with the self-interstitial

{I,H,} in the (1)-(1) configuration shows very good passiva- far from the defect itself. The mismatch is below 0.01 eV,

tion, as predicted by other authdfs. and is only slightly larger for thé€1)-(1) defect. Therefore,
Several authors have examined the electrical activity ofve have neglected these effects when plotting Fig. 4.

the split{110 self-interstitiaf>>and concluded that there is

no defect level in the gap or, at most, a very shallow one. IV. DISCUSSION

This conclusion was drawn from the band energies obtained

from a 2x2X 2 k-point sampling, for which the gap of the ~ Simulated quenching of th¢l,H,} complexes withn

cell with the self-interstitial was 0.51 eVonly slightly =0, ...,4 hadeen performed using self-consisteaitinitio

smaller than the LDA 0.55 eV band gap of the host Si crysLCAO MD simulations based on DF theory. Our calculations

tal). We do get a number very close to that of Needs wherused DZP basis sets with spin polarization or spin averaging

using the 2<2x 2 mesh: 0.52 eV. However, as seen in Fig.in 64 and 128 host-atoms cells. Tkeoint sampling ranged

4, this number drops considerably when mérgoints are  from theT" point only to a 3<3x 3 Monkhorst-Pack mesh.

considered. Therefore, the localization of the impurity levelSimulated quenching was used to find the local minima of

may be higher than expected. the potential energy surface for the neutral self-interstitial
In order to compare the band structures of different cellsand twelve configurations dfl,H,,}. The binding energy of

they should be brought to a common origin of the energiegach complex was defined as the energy gained by forming a

because the zero of the potential is different for each cellparticular configuration of{l,H,} from the most stable

Part of the Coulomb potential is computed in reciprocal{l,H,_,} plus isolated k.

space using fast Fourier transforfi&=T’s) and the zero of The most stable structure is the experimentally observed
the energy is taken to be the average value of that potentiaf] ,H,} defect in the (1)-(1) configuration, with AE
which is different in each cell. IrSIESTA in contrast with  =1.85 eV. Then come th@) and(1) complexes with bind-
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B . (a) Perfect cell are affected, as well as some features of the band structures.
' ~ However, going from 4 to 30k points does not make any-
-2.5 E 3 where near as much difference as going from 1 to 4. The

-3.0 - =CB geometries obtained with a singfepoint are quite good.
35 : VB Band-structure calculations in the 128 host-atoms cell
show that the split110) self-interstitial may induce a state
—4.0 ¢ E more localized than previously believéd® Our calcula-
45 F w tions also predict that th@l,H,} complex is passivated, in
20 (b) 1, split-<110> agreement with earlier predictioi%.However, we find a
VRS X metastable structure fdil,H,} with a rather high stability,
-25 —~— X as well as numerous more weakly bound structures for
5% = = B {1,Ha} with n>2.
We disagree with Needs and recent Monte Carlo
-3.5 ¢ F E— L calculations/citegmc (based on the same geometyies-
4.0 S~ SN T garding the stability of the hexagonal interstitial site for the
i % self-interstitial. We find that site to be unstableconverts

to the split{110 configuration after a quench following a
1000 time step run at 1000 K.

On the other hand, we do agree quantitatively, or at least
qualitatively, with the results in Refs. 30,31 on much of the

(© {LH,}, (1)-(1)

~

A

-3.0 cB energetics and/or configurations of the most stable com-
35 - VB plexes. We agree about the structure of the neutral self-
i : interstitial, in particular that its center is shifted by about
' @@ 0.7-0.8 A in the001) direction. We agree with Ref. 30 that
-4.5|; 23 1 T {I,H;} and {I,H,} are stable structures with rather large

binding energies. We find nearly identical geometries as
FIG. 4. Dispersion of the energy bands in the Brillouin zone those in Refs. 26,28,30 for the most stable complékgs, }
calculated in the 128 host-atoms cell with a DZP basis set ané 30 and{l,Ha}.

points. The figures show the band structuregaptthe perfect cell, Some of the differences could arise from the size of the
(b) the split{110) self-interstitial, andc) the{l,H,} complexin the ~ Cell used to represent the host crystal. It is 32 Si atoms in
(1)-(1) configuration. Ref. 30 and 128 Si atoms in the present work. Some of our

calculationg® were also done in 64 and 216 Si atom cells

ing energies of 1.80 and 1.65 eV, respectively. All the othe@nd, in the case of the complexes studied here, only minor
{I,H,} complexes have much smaller binding energies. Irfifferences with cell size were noted. The cell must be large
contrast, the trapping_ of one or more H's at a vacancy in€nough to accommodate a complex of up to 5 atoms and the
volves binding energiésf the order of 3 eV. The interstitial Strain associated with it. As noted by Allan and

silyl and silane molecules have negati&€,’s and should annnopoulo%? since the Si-H bond is stronger than the
not form in crystalline silicon. Si-Si bond, the hydrogenation of amorphous Si increases the

Our results show that H can trap at lattice strairovided size of the average matrix element and thus increases the size
here by the self-interstitial Hydrogen relieves the strain by ©f the gap. The effect is important even for H concentrations

forming a zig-zag chain of adjacent Si-H bonds with, occa-Well below 10%. In the 32-Si cell, two H's may suffice to
sionally, two H’s bound to the same Si atom. compensate for the reduction of the size of the gap induced

{I,H,} has 40% of the odd electron localizé20% on by t_he stra_in. The calculation of local vibrational modc_es as-
each of two Si atomsand{l,Hs} in the (1)-(1)-(1) configu- socu’_ﬂed with thel,H,} complexes and other defects will be
ration has only 20% of the odd electron localizZd®% on  Published separatefy.
each of two Si atomsThe rest of the spin, and all of it in the

case of the(2)-(1) structure, is delocalized over the entire
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