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Interaction of hydrogen with substitutional and interstitial carbon defects in silicon
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S. Öberg
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An ab initio cluster method is used to investigate substitutional, Cs , and interstitial, Ci , carbon defects in
silicon complexed with hydrogen. We find that the binding energy of neutral H with Cs is 1.01 eV, and that the
defect is bistable. In the positive and neutral charge states H lies near the center of a C-Si bond, and is
antibonded to C in the negative charge state. A second H atom can be trapped in a H2* defect. H forms stronger
bonds with interstitial Ci . In the Ci-H defect, the binding energy of H is 2.8 eV, and two low-energy structures
have almost degenerate energies. These consist of a bond-centered Si-(Ci-H!-Si defect and â100&-oriented
Ci-Si split interstitial with H bonded to Ci . The calculated barrier for conversion between the two stable
structures is very low,;0.3 eV, implying that the defect migrates rapidly, and readily reacts with other defects
or impurities present. Two possible reactions are considered: the first is with another H and the second with
Cs . The defect is completely passivated in the former while the stable form of the latter consists of a^100&
C-C dicarbon interstitial, where one radical is passivated by H. The calculated symmetry and the local vibra-
tional modes are in excellent agreement with those experimentally observed for theT photoluminescent center.
Finally, a further reaction involving theT center and a second H atom is considered, and is found to lead to the
elimination of electrical activity.@S0163-1829~98!02707-6#
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I. INTRODUCTION

Both carbon and hydrogen can be adventitious impuri
in silicon. The former is introduced from graphitic contam
nants or carbonaceous gases present during growth, whil
latter may be introducing during processing or from wa
vapor. The carbon concentration is typically at least 531015

cm23,1 while the concentration of H is often unknown. Th
solubility of C is ;431017 cm23 at the melting point of
silicon,2 and that of H is'1016 cm23 at 1300 °C.3 The two
impurities have quite different properties: C is usually is
substitutional defect, Cs , which is electrically inert and im-
mobile, while H is an interstitial defect. Although an isolat
H interstitial is highly mobile and reactive, a pair of hydr
gen atoms as in a molecule is inert. A single H atom can
trapped by Cs producing a defect which is electrically activ
although of low thermal stability. This defect has been as
ciated with theE3 and H1 levels detected by deep-lev
transient spectroscopy~DLTS!.4 Of greater stability is the
defect formed when two H atoms are trapped as in a m
ecule or H2* near Cs—although there is no evidence for the
latter defects at present.

Although Cs is the normal species of carbon, an inters
tial form Ci is a prominent product formed after irradiatio
This, like H, is electronically active and highly mobile an
readily complexes with a large number of other centers,
example Cs and oxygen. Often these complexes are the
selves electrically active and stable to quite high tempe
tures. We shall explore in this paper the defects formed
the reaction of Cs and Ci with H interstitials. Other defects
involving C, H, and O will be discussed in a separate pap

The simplest defect is CiH, and it would be expected tha
this might be easily detected in proton-implanted Si conta
570163-1829/98/57~7!/3887~13!/$15.00
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ing C. However, we find it to be highly mobile and likely t
rapidly react with Cs and/or H. One of the products, CiCsH,
has been identified5 as a photoluminescent~PL! center
formed in Cz-Si heated between 450 and 600 °C which
neither been irradiated to produce carbon interstitials,
soaked in hydrogen. It seems that interstitials formed fr
oxygen precipitates can produce Ci , which reacts with iso-
lated H interstitials possibly produced by the breakup of p
existing molecules, and then diffuses to Cs . There are a
number of PL centers produced in this way, and several c
tain C, O, and H in various proportions.

The plan of this paper is to first review studies of thes
and Ci defects in Secs. II A and II B. We then briefly discu
hydrogen complexes, especially those that involve intrin
defects, and in Sec. III we outline our calculational tec
nique. In Sec. IV, we consider two defects involving
bound to substitutional carbon defects, namely Cs-H and Cs-
H2* . As stated above, the first of these was apparently
tected in DLTS studies. Then, in Secs. V A and V B, w
discuss the interstitial carbon defects, Ci-H and Ci-H2. The
dicarbon centers Cs-(Ci-H! and C2-H2 are described in Secs
V C and V D. Finally, we give our conclusions in Sec. VI

II. PREVIOUS STUDIES

A. Substitutional carbon

Substitutional carbon defects, Cs , in Si were first detected
through infrared spectroscopy by the observation of a lo
vibrational mode~LVM ! at 607 cm21.6,7 This frequency is
about 80 cm21 above the Raman peak of Si at 523 cm21,
suggesting that a light impurity is involved or else a defe
with a strengthened force constant. The presence of ca
3887 © 1998 The American Physical Society
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was confirmed by the shift in the LVM to 589 and 573 cm21

for 13C and 14C, respectively. No electrical activity has bee
correlated with the defect, while x-ray studies8 of carbon-rich
Si suggest that the C-Si bonds are significantly shorter t
the bulk Si-Si bond. These short C-Si bonds impose an
ward, tensile, strain on the lattice hence, causing carbo
act as a sink for interstitial defects which locally compre
the lattice. Carbon is also much more electronegative t
silicon and the polarization can also attract other impuriti
The resulting complexes are often—but not invariably
electronically active, and persist to a higher temperature t
the isolated interstitial defect. This trapping can be of use
for example, Si interstitials are trapped by carbon with
consequent reduction in the unwanted diffusion of bor
whose migration is mediated by silicon interstitials.9 Oxygen
interstitials can also bind to the substitutional defect,10–12and
form an electrically inactive defect which is stable to 600 °

The main properties of substitutional carbon have b
confirmed by theory. Previous local-density-function
~LDF! calculations13,14 found that the inactive substitutiona
defect, illustrated in Fig. 1~a!, remained on site with a C-S
bond length about 10% shorter than that of Si in good ag
ment with the x-ray measurements.8 Its vibrational mode is
very sensitive to the C-Si bond length, and is calculated to
between 561 and 684 cm21, in fair agreement with the ex
perimental value of 607 cm21. Theory has shown that on
oxygen atom is readily trapped by the defect,15 and it seems
that this impurity avoids the very short Si-C bond a
bridges an adjacent Si-Si bonds.

B. Interstitial carbon

As discussed above, mobile silicon interstitials are a
trapped by Cs , forming the interstitial carbon defect Ci .16,2

The neutral Ci defect was first detected by infrared abso

FIG. 1. Low-temperature (T,300 °C! carbon-related centers i
silicon: ~a! The substitutional carbon defect.~b! The isolated inter-
stitial carbon defect.~c! TheA form of the dicarbon defect.~d! The
B form of the dicarbon defect.~e! The interstitial carbon-oxygen
complex.
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tion experiments on room temperaturee-irradiated Si,10

where two high-frequency LVM’s at 921 and 930 cm21

were observed. Ci is an electrically active defect with dee
donor and acceptor levels, and remarkable in the sense th
is has been observed by all the main characterization te
niques.

DLTS studies gave donor and acceptor levels atEv 10.28
and Ec20.10 eV, respectively.17,18 Electron paramagnetic
resonance~EPR! experiments18,19show that both charged de
fects possessC2v symmetry. A large C-related anisotrop
hyperfine interaction was found for the Ci

1 defect implying
that the donor level was due to ap non-bonding orbital on
the C radical.19 In contrast, there was no shift of the hype
fine interaction with carbon isotopes found for Ci

2.18 This
implies that the acceptor wave-function has little amplitu
with C. The vibrational modes at 921 and 930 cm21 appear
in a 2:1 intensity ratio, suggesting the neutral defect h
trigonal symmetry. However, uniaxial stress studies on
two LVM’s ~Ref. 20! showed that the neutral defect has t
sameC2v symmetry as both charged defects. Ci also pos-
sesses a photoluminescent~PL! line21 found at 856 meV.
This transition is inexplicably unaffected by a change in t
C isotope, and there are no phonon replicas which mi
have revealed the presence of carbon, but the PL has
assigned to the defect, as both it and the infrared-absorp
intensities disappear together above room temperature.
bound exciton is believed to be composed of a localized h
trapped in the deep donor level and a delocalized elect
The energy barrier to a reorientation of the defect was de
mined by EPR~Refs. 19 and 18! to be approximately 0.8
eV—the same as the activation energy deduced from
disappearance of the LVM’s. Accordingly, this is taken to
the long-range migration barrier for the defect as it ho
between lattice sites.22

The microscopic structure proposed for the defect is
same for all three charge states and where C-Si form a
interstitial with a ^100& orientation illustrated in Fig. 1~b!.
Thus both C and the Si atom which share the lattice site h
unsaturated bonds.

Theoretical calculations have provided support for t
structural model of the interstitial.23–29 The calculated
LVM’s ~Refs. 24 and 29! are around 900 cm21, and in rea-
sonable agreement with the observed ones. Theory gives
migration/reorientation energy barriers to be about 0.5
1.10 eV,25,26,29again in fair agreement with the experiment
results, although there is still controversy over the migrat
path. However, theory is still unable to determine the prec
donor and acceptor levels, although the overall propertie
the donor and acceptor wave functions26,29 are in agreemen
with those inferred from the EPR measurements.

Above room temperature, the Ci defect becomes mobile
and can complex with other defects and impurities. In lo
oxygen content material, the Ci-Cs defect is formed when Ci
is trapped by Cs . This defect is bistable, existing in tw
configurations, labeledA andB, depending on charge state.30

EPR and DLTS studies showed that theA form possessed
C1h symmetry and was the stable form for both sing
charged defects,A1/2, while the B form is stable in the
neutral charge defect. The defect can be converted in
metastable form by the sudden injection of carriers as i
light pulse or a switch in bias potential. The 0/1 and 2/0
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57 3889INTERACTION OF HYDROGEN WITH SUBSTITUTIONAL . . .
levels of theA form lie at Ev10.09 andEc20.17 eV, re-
spectively. The neutral state refers to the metastable de
EPR studies showed30 that the carbon atoms are inequivale
in this configuration, and theg tensor was perturbed by stre
in a very similar way to the isolated Ci defect. The model
deduced from these experiments consists of a^100&-oriented
C-Si split-interstitial perturbed by a second carbon atom a
substitutional site, and bonded to the undercoordinated
atom.30 Figure 1~c! shows the structural model for theA
form of the di-carbon defect.

Optically detected magnetic resonance studies sho
that theB form, stable in the neutral charge state, hasC3v
symmetry for T.30 K, and C1h symmetry at lower
temperatures.31 In this form the two C atoms are equivalen
The PL line at 969 meV, associated with theB form, as
Zeeman studies shows that the defect is neutral in the gro
state, displays carbon-related phonon sidebands at 597.5
543.0 cm21. The isotope shifts of these implied that th
modes are dynamically decoupled. The2/0 and 0/1 levels
lie at Ev10.07 andEc20.11 eV, respectively. This time th
charged states refer to the metastableB configuration. The
barrier betweenA andB forms is around 0.2 eV. Annealin
studies indicate that the dicarbon defect disappears by d
ciating around 300 °C. Songet al.30 proposed that a twofold
coordinated Si atom lies between two Cs atoms, as illustrated
in Fig. 1~d!. Note that there is no C-C bond in the defect.

Recent theoretical calculations24,29 give support to these
models. TheA form is found to be more stable than theB
form for the6 charge states, but the neutralA form was still
;0.35 eV more stable than the neutralB form, in conflict
with experiment.29 However, the calculations did reveal th
presence of two decoupled vibrational modes in theB form
each associated with the vibration of a single C atom aga
its back bonds, and resolving the long-standing problem
the LVM’s arising from the PL measurements. The mod
arising from the movement of Sii also involves the motion o
both C atoms but their extreme anharmonicity leading t
short lifetime probably prevents their observation.29

Other impurities are known to interact with Ci , for ex-
ample oxygen2 and phosphorus.32 Theoretical modelling of
the Ci-O defect shown in Fig. 1~e! was given in Ref. 33,
while the Ci-O2 center was discussed in Ref. 34. The sta
form of the CiPs pair is the same as the isolated Ci defect
shown in Fig. 1~b!, but thesp2-bonded Si is replaced by P
This configuration gives rise to donor and acceptor level
Ev10.48 andEc20.38 eV, respectively. There are seve
other metastable forms known.32

C. Hydrogen

A wide range of experimental studies have found t
hydrogen is also a common contaminant in silicon.35 It is
believed that the molecular form is a common interstit
defect, but its concentration is uncertain as it is inert.
plasma-treated material, Raman-scattering studies36 show
hydrogen modes around 4100 cm21 which have been attrib
uted to molecules close to the surface. Recent reports sug
that the molecule can be trapped near oxygen, and
infrared-active stretch mode lies around 3900 cm21.37 There
are many indications of the presence of hydrogen even w
it is not intentionally introduced. For example, several
ct.
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lines found in heat-treated material are also present in
deliberately doped with H, and these lines are shifted
deuterium,38–40 demonstrating that H forms part of the d
fect.

The monatomic neutral defect has been detected by E
(AA9 center! in samples where it is implanted at low
temperatures.41,42 The activation energy for the migratio
H 1 is 0.43 eV,41,43,44and this low value suggests that almo
all the H could be trapped at other defects or as molecule
is believed that the 0/1 and 2/0 levels associated with th
isolated defect have inverted ordering with the former
Ec20.16 eV and the latter around midgap.

Low temperature proton implantation produces many
defects besides the isolated interstitial. These include~a!
VHn defects withn<4; ~b! the H2* defect which consists o
a H atom at a bond-centered site adjacent to H at an a
bonding site;45 and ~c! the passivated silicon self-interstitia
Si iH2.46 With the exception ofVH4, these defects are stab
up to; 150 °C. The SiiH2 defect has a carbon analog whic
will be considered here.

H forms electrically inactive complexes with many imp
rities especially shallow donors and acceptors~which are
stable until about 250 °C!,47 and transition-metal
impurities.48 Its interaction with carbon will be considered i
Sec. II E.

Theoretical calculations49 suggest that an isolated H inte
stitial is bistable and diffuses rapidly. In the positive a
neutral charge states, H preferentially sits at the bo
centered~BC! site, while in the negative charge state theTd
site is the ground-state configuration.

D. Previous work on Cs-H complexes

Recent DLTS experiments50–52,4suggested that hydroge
can be trapped by Cs , forming theE3 defect with an 0/1
level atEc20.15 eV. The presence of both C and H in t
defect was inferred from the variation in the trap concent
tion with @C# and @H#. It is believed that the defect contain
only one C atom and one H atom and does not contain o
gen, although there is no direct evidence for this constituti
The stability appears to depend strongly on charge state.@C-
H# 1 anneals out at 80 °C with a ratene2E/kT, where the
activation energyE is 0.7 eV andn;107 s21. This value of
n suggests that the dissociation of the defect is controlled
the capture of electrons resulting in a less-stable neutral
fect. This is supported by observations4 that light enhances
the dissociation, but only outside a depletion layer wh
photogenerated electrons can be trapped. These experim
show that the neutral defect anneals out at 20 °C. Inp-Si, a
hole trap~H1!, stable to 100 °C, has been correlated with
and H and this dissociates withE and n being 1.7 eV and
1019 s21. This last figure seems far too large, and sugge
that dissociation is not governed by an Arrhenius behav
The 2/0 level is placed atEv10.33 eV. The similarities in
the behavior and their spatial distribution led Kamiuraet al.4

to suggest thatE3 andH1 arise from a bond-centered an
antibonding configuration of a Cs-H defect, respectively, im-
plying that the defect is bistable.

Before detailing the theoretical modelling of the defect
date, the possible Cs-H configurations are described. Th
four most obvious configurations are the following:~a! H
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lying near a bond center between C and a Si neighbor
bonded to C. We shall refer to this configuration
(CsHBC)Si. ~b! H antibonded to C (HABCs)Si. ~c! H bond
centered between C and Si but bonded to Si Cs(HBCSi!. ~d!
H antibonded to Si Cs~SiH AB). These are illustrated in Figs
2~a!–2~d!. Two further configurations are considered whi
are related to~b! and~d!, but the H atom lies at aTd site and
the C-Si bond is reformed.

Early theoretical modelling of the defect,53 using Hartree-
Fock theory, concluded that there two almost degene
neutral ground-state configurations. These correspond
structures Cs(H BCSi! and (HABCs)Si, with the latter being
slightly higher in energy~0.05 eV!. The binding energy of H
to C in this defect was found to be 1.42 eV, and both of th
configurations gave rise to defect-related states in the b
gap. The Cs~SiHAB) configuration was found to be 0.94 e
above the ground state, with the tetrahedral sites being e
higher in energy.

More recent calculations on the neutral defect15 using
LDF theory found (CsHBC)Si to be the ground-state energ
configuration, in contradiction with the previous calculatio
The discrepancy between the two calculations was reso
after further work54 using standard and post-Hartree Fo
techniques on molecular clusters, as well as dens
functional-theory calculations in clusters and supercells. T
two bond-centered structures (CsHBC)Si and Cs(HBCSi! were
found to be the lowest-energy configurations, with LDF c
culations predicting (CsHBC)Si as the lowest-energy configu

FIG. 2. The possible Cs-H defects in Si:~a! the (CsHBC)Si con-
figuration,~b! the (HABCs)Si configuration,~c! the Cs(HBCSi! con-
figuration, and~d! the Cs~SiHAB) configuration.
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ration in agreement with Ref. 15. When Hartree-Fock cor
lation corrections were included, the lowest-ener
configuration switched from Cs(H BCSi! to (CsH BC)Si, but
the energy difference between these two forms was foun
be only a few meV.

In the light of the experimental data which suggests t
the ground-state structure changes with charge state,
calculations were performed on the Cs-H defect in the three
charge states utilizing nine-atom supercells.55 The stable
structure was (CsHBC)Si, in all charge states with a H
binding energy of 1.20 eV for the neutral one. In the negat
charge state, however, the dissociated configuration whe
lies at a tetrahedralTd site to one of the Si neighbors of C
has an energy within 0.06 eV of the ground state. The clo
ness of these energies suggests that the negatively cha
defect is barely stable. The calculations for the relative en
gies of the metastable neutral structures differed from
previous results. The lowest-energy metastable configura
was Cs~SiH AB), lying 0.57 eV above the ground state. A
most degenerate in energy with this structure w
(HABCs)Si, which was 0.61 eV above the ground state.

These results therefore indicated that trapping of two e
trons by (Cs-H! 1 could lead to a rapid dissociation and su
a change would explain the loss of theEc20.15 eV state
after illumination. For clarity, the main results are summ
rized, along with the results of our calculations describ
below in Table I.

E. Previous work on Ci-H related complexes

Minaev and Mudyri56 observed several sharp PL line
from Cz-Si annealed between 450 and 600 °C. The prese
of oxygen and carbon in many of these was deduced fr
their presence in the material. Deliberate introduction of
and C, followed bye or n irradiation, can dramatically affec
the intensities of some of these PL lines. Isotopic analy
leads to shifts in the lines showing that many of these defe
contain carbon~e.g., theP andH centers! and both carbon
and hydrogen (I , M , andT centers!.57,38,58,39,40The I , M , and
T lines are believed to contain one hydrogen atom, due to
splitting of their zero-phonon lines into doublets when bo
H and D are present in the material.40

Of particular interest here is the theT line ~935.1 meV!
which has been studied most extensively. Isotope shifts
this zero-phonon line with13C ~Ref. 57! confirmed the pres-
ence of carbon in the defect, and further studies58 showed
that the defect contained H and possessedC1h symmetry.
There is no evidence from the splitting of the zero-phon
line in mixed isotopic cases, for more than one C or H ato
the
TABLE I. Relative energies~eV! for the Cs-H defect in Si with varying charge state. NF indicates that
structure was not found as a stable or metastable configuration.

Previous worka Present work
Structure 1 0 2 1 0 2

(CsHBC)Si 0.00 0.00 0.00 0.00 0.00 0.04
(HABCs)Si 0.70 0.60 0.30 0.49 0.33 0.00
Cs(HBCSi! NF NF NF NF NF NF
Cs~SiHAB) 0.71 0.57 0.06 1.97 1.12 0.79

aReference 15.
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However, C-isotopic shifts of an LVM, observed as a ph
non replica to theT line, demonstrated that the defect co
tained two C atoms. In recent work,5 this and other LVM’s,
along with their isotope shifts, have been detailed, and th
results, in conjunction withab initio calculations, have elu
cidated the microscopic structure of the defect. This cons
of a ^100&-oriented C-CH pair occupying a single lattice sit
the structural model is discussed in more detail in Sec.
This defect is isoelectronic with Ci-Ps and is also the first
C-related defect known to contain a C-C bond and should
contrasted with the dicarbon center discussed above. If th
concentration is large, with respect to C, theT line disap-
pears. We shall discuss possible reasons for this in Sec

The high mobility and reactivity of Ci-H defects suggest
that complexes could be formed with many other impurit
and recently we have considered a shallow donor de
formed from a complex of Ci-H with pair of oxygen atoms.59

At the moment there is no definitive evidence that such co
plexes exist, but there are indications. A shallow H don
calledNL10(H) has H lying along a@110# axis is stable to
520 °C.60 This seems a distinct defect from the H-passiva
thermal donors61 which are stable up to 200 °C. Howeve
there is no evidence for the involvement of carbon at
present time.

III. METHOD

We carry out LDF cluster calculations on large hydrog
terminated clusters using theAb Initio Modeling Program
~AIMPRO!.62 For most calculations C and H atoms we
added to an 86 atom trigonal cluster, Si44H42, representing
the perfect material. A central Si atom was replaced by C
another H atom added to model the Cs-H defect. In a similar
way additional atoms were added to investigate interst
carbon-hydrogen defects. To explore dissociation and re
entation energies, C and H atoms were added to a la
131-atom cluster Si71H60 cluster representing perfect mat
rial.

Norm-conserving pseudopotentials for carbon and silic
were taken from Ref. 63, whereas the full Coulombic pot
tial was used for the H atom. The electronic wave functio
were expanded using a basis ofs and p Gaussian orbitals
centered on the nuclei, and at the center of selected bo
Eight Gaussian orbitals of different exponents were used
the C atom~s!, and the innermost Si atoms. A fixed line
combination of eight Gaussians was used on all other
atoms. Three Gaussian orbitals with different expone
were sited on the defect-related H atoms, and a linear c
bination of these Gaussian orbitals were used for the te
nating H atoms. Additionally, threes andp Gaussian orbitals
with different exponents were placed at the center of ev
bond in and around the defect core. The charge density
expanded in a basis ofs Gaussian functions sited at the sam
sites as above with the same number of different expone
The self-consistent energy and the forces on each atom
then calculated, and the structure relaxed by a conjugate
dient algorithm until the energy minima was found.

In order to calculate the dynamical matrix, the seco
derivatives of the energy with respect to atomic posit
were calculated for the C atoms, along with the neighbor
silicon atoms, and defect H atoms. A Musgrave-Pople po
-
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tial found previously64 was used to construct the remainin
entries in the dynamical matrix for the cluster. From this, t
vibrational frequencies of the cluster, and their normal co
dinates were found. Further details are given in Ref. 62.

The procedure for determining the migration barrier f
the defects investigated here is as follows: The saddle p
for the possible migration paths are not clear for the defe
investigated in this work, so to estimate it the following pr
cedure was taken: Vector displacements of equivalent at
from two low-energy configurations were determined,vi

5Ri
12Ri

2 , whereRi
1 andRi

2 refer to the staring and endin
atomic configurations. All atoms were then moved along
vector vi by a fractiona to give the intermediate points in
the migration, and then all atoms were allowed to relax fro
these positions subject to a further constraint that the ve
of further displacements are perpendicular tovi , until the
optimization was complete. The result of this is a profile
the energy as a function ofa for the restructuring of the
defect, and the barrier for migration and/or reorientation c
responds to the maximum value of energy obtained, at
corresponding saddle configuration.

Typically, variations of up to 0.3 eV in the relative ene
gies of configurations were found, as the energy conver
with increasing cluster size. For the defects investigated h
in which the difference in ground-state energies was sm
and any variations may critically affect the migration barrie
~namely, CiH!, calculations performed on a number of larg
clusters confirmed that the energy had converged with
results being independent of cluster size.

IV. SUBSTITUTIONAL CARBON-HYDROGEN
COMPLEXES

A. Cs-H defect

The C and H atoms were introduced into the center of
86-atom cluster with atomic positions and bond lengths c
sen to form all four possible structures outlined in Sec.
Figs. 2~a!–2~d!. All atoms were then allowed to relax with
the symmetry constrained toC3v . Table I shows the relative
energies of the various configurations. In agreement with
recent theoretical calculations, (CsHBC)Si was found to be
the most stable structure in the neutral charge state.
trends in energies against charge state are in agreement
those of Ref. 55, although we disagree on the metast
structures. These trends are illustrated in Fig. 3, and
given along with the results of the previous calculation
Table I. The energy differences between the stable and m
stable configurations decrease as the charge state cha
from positive to negative in both the present results, and
previous calculation.

The defect is bistable with H lying at a BC site b
bonded with C, the (CsHBC)Si configuration, Fig. 2~a!, being
the most stable one in the neutral and positive charge sta
In the negative charge state however, the configura
where H lies at an AB site while still bonded with C, i.e
(H ABCs)Si, in Fig. 2~b! is the most stable.

For all charge states, Cs(H BCSi! is unstable and H move
spontaneously alonĝ111&, bonding with C to form the
(CsHBC)Si structure, Fig 2~a!. This agrees with the results o
Ref. 15, but is in disagreement with the results of Refs.
and 54, when it was found that Cs(HBCSi! was metastable
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Kaneta and Katayama-Yoshida15 found that the Cs~SiHAB) in
the negative charge state to be almost degenerate
(CsHBC)Si, but we found a difference of energies of 0.75 e

The optimized bond lengths for the three stable structu
and their variation in charge state are given in Table
These results show that H moves almost to the theTd site in
the negative charge state of Cs~SiH AB). This was the only
tetrahedral configuration found. Our result is in disagreem
with the previous study,55 where it was found that the tetra
hedral defect formed in the negative charge state, simila
isolated hydrogen.

We now consider the energy levels of the different str
tures in the neutral charge state. All three stable configu
tions gave rise to a deep level which is singly occupied
shown in Fig. 4. Here the Kohn-Sham eigenvalues are sc
to the band gap of silicon. The theory is not able to pred
accurately the donor/acceptor levels but it is clear from
Kohn-Sham eigenvalues that in all cases when H comple
with Cs an electrically active defect remains. These resu
are consistent with the tentative assignment ofE3 andH1 to
the (CsH BC)Si and (HACCs)Si structures, respectively.4

The binding energy of neutral H with Cs is found to be
1.01 eV by comparing the energies of the complex with
dissociated constituents using a 132-atom cluster. In the
sociated form a neutral H lies at a BC site remote from Cs .
This low binding energy is similar to those found in previo
calculations. This suggests that H released by a break u
molecules or platelets can be trapped by Cs .

FIG. 3. Trends in relative energies of the various configurati
of the Cs-H defects with varying charge state.
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B. Cs-H2 defect

The unstable nature of Cs-H as demonstrated by its low
dissociation energy suggests that it readily complexes w
other impurities and especially a second H atom. One po
bility is that a H2 molecule would be formed and this migh
lie close to Cs attracted by the polarization field. A secon
possibility is that a H2* defect bound to carbon is formed
Since the defect contains CH bonds, it is expected to be m
stable than a solitary H2* defect which disappears at 20
°C.45

There are two likely structures for this defect:~a! the
(CsHBC)Si structure of Cs-H, with the second hydrogen a
the anti-bonding silicon site, and~b! the (HABCs)Si configu-
ration with the second hydrogen bonded to Si, and at
bond-centered site. These are labeled (CsHBC)~SiHAB) and
(H ACCs)(H BCSi!, respectively, and are illustrated in Fig
5~a! and 5~b!. Their total energies are almost identical, t
first configuration being lower in energy by 0.02 eV. Deta
of their structure are given in in Table III. The Kohn-Sha
eigenvalues are illustrated in Fig. 5, and show that the
fects are electrically inactive. The LVM’s for both configu
rations have been calculated, and are given, along with t
symmetries, in Table IV. There have been no reports of th
modes, to our knowledge. The highest modes of each c
figuration correspond to C-H and Si-H stretch, respective
It is likely that these modes are overestimated by about 1
as similar calculations give this overestimate for bothVHn
defects in Si~Ref. 65! and C-H defects in GaAs.66 The com-
pressed Si-H bond in the second configuration results i
significant increase of its stretch mode compared to tha
the first. The C-H and Si-H wag modes are much higher th
those in the second configuration. Both configurations g
rise to a carbon relatedE mode around 650 cm21. The large
differences in the wag and stretch modes of these Cs-H2

s

FIG. 4. The Kohn-Sham levels of the substitutional carbo
hydrogen defects.
953
518
435
63
TABLE II. Bond lengths of the three stable configurations of Cs-H in Si, in Å.

(CsHBC)Si (HABCs)Si Cs~SiHAB)
Charge state 1 0 2 1 0 2 1 0 2

C-H 1.093 1.096 1.102 1.082 1.084 1.086 3.724 5.234 4.
Si-H 2.214 2.190 2.109 4.826 4.655 4.439 1.610 1.507 1.
C-Si 3.307 3.287 3.211 3.744 3.571 3.353 2.114 3.727 3.
C-Si ~3! 1.987 1.968 1.941 1.992 1.979 1.963 1.989 1.891 1.8
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57 3893INTERACTION OF HYDROGEN WITH SUBSTITUTIONAL . . .
defects suggests that their measurement might enable
models of the defect to be distinguished.

V. INTERSTITIAL CARBON-HYDROGEN DEFECTS

A. Ci-H defect

The isolated Ci defect shown in Fig. 1~b! possesses two
undercoordinated atoms~C and Si!, and therefore H could
readily bond to either of these atoms forming
^100&-oriented defect with H bonded to C, Fig. 6~a!, or with
H bonded to Si~not illustrated!. These configurations ar
labeled (CiH) ^100&Si and Ci~SiH! ^100& . There is also the pos
sibility of a structural change to a BC form with either th
C-H unit at the center of a Si-Si bond (CiH)BCSi, Fig. 6~b!,
or with a Si-H unit at the center of a Cs-Si bond Cs~Si iH)BC.
All four of these configurations possessC1h symmetry.

The four configurations were inserted into a tetrahed
131-atom cluster, and all atoms were relaxed. The def
retained theirC1h symmetry throughout the relaxation. Th
resulting energies and structural details of the four confi
rations are given in Tables V and VI. Two structures po
sessed almost degenerate energies in the neutral charge
the BC defect described as (CiH) BCSi possessed a energ
0.03 eV above the (CiH) ^100&Si structure. The other struc
tures were less stable by at least 0.47 eV. The binding en
of H with Ci in the @100# form was evaluated in the sam
way as described above for Cs-H. This gave a value of 2.8
eV which is, as expected, considerably greater than the b
ing of H with Cs .

The near degeneracy in the energies of the@100# and BC
forms is surprising in view of the very different bondin
patterns. These two configurations possessed very diffe
energies for the Ci defect, and it is the presence of H whic
stabilizes the BC form. The results suggest that the de
could rapidly diffuse. This is because a long-range diffus
path can be constructed connecting these forms. The sa
point for this migration path was found by the followin
procedure. A number of constrained relaxations were car
out as described in Sec. III. The initial cluster coordinates
each run were linearly interpolated between the rela
^100& and^111& bond-centered forms illustrated in Figs. 6~a!
and 6~b!. Thus these coordinates are simply (12a)R1
1aR2, whereRi describes thê100& and ^111& forms, re-
spectively. At each point along the line joining the config
rations, the cluster was fully relaxed, with the constraint t
the component of the force on each atom along this direc
was set to zero. The energies of each run versusa are shown
in Fig. 7 (a1). As the defect moves away from the^100&
configuration into thê111& BC form, the energy rises unti

FIG. 5. The Cs-H2 configurations investigated:~a! the
(CsHBC)~SiHAB) configuration, and~b! the (HACCs)(HBCSi! con-
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;0.27-eV peaking arounda50.6, and then dropping as th
BC form is realized. This value ofa corresponds to the
barrier for interconversion between the two low-ener
forms of the defect. There is then the possibility of a6120°
rotation of the bond-centered Ci-H unit about thê 111& axis,
the BC defect having three equivalent structures. A sec
constrained run withRi representing the BC1 and BC2 con-
figurations, Figs. 6~b! and 6~c!, was performed, and the re
sults are shown in Fig. 7 (a2). The 0.16-eV barrier for the
rotation of the bond-centered CH unit is lower than the b
rier for interconversion between the two different structur
and peaks arounda50.25 and 0.75. There is a slight redu
tion in energy ata50.5 to 0.11 eV, where the Ci-H unit
passes through aC1h mirror plane~corresponding to a rota
tion through 60°). Following the rotation of the BC defec
the migration process is completed with the reformation
the ^100&-oriented defect, Fig. 6~d!.

From these results, it is clear that the migration energy
this defect is extremely low, around 0.3 eV. This is cons

FIG. 6. The possible configurations of the Ci-H defect in Si, and
the defect migration path:~a! the (CiH) ^100&Si configuration,~b! the
(CiH)BCSi configuration,~c! the (CiH)BCSi configuration with the
rotated CH unit, and~d! reformation of the (CiH) ^100&Si structure.

FIG. 7. The energy as a function ofa for the restructuring and
rotation of the Ci-H defect.



3894 57P. LEARY, R. JONES, AND S. O¨ BERG
TABLE III. Bond lengths of the two possible configurations of Cs-H2 in Si, in Å.

(CsHBC)~SiHAB) (HACCs)(HBCSi!
Charge state 0 0

C-H 1.097 1.084
Si-H 1.501 1.484
C-Si ~3! 1.976 1.984
Si-Si ~3! 2.324 2.312
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erably lower than the 1.1 eV calculated for the migration
Ci ,29 where the observed value is 0.8 eV. It may seem s
prising that the Ci-H defect diffuses easier than Ci . How-
ever, we think this reflects the low energy of the BC co
figuration which is stabilized by the H atom: without H, th
C atom would possess two dangling bonds. We there
expect the Ci-H defect to be an extremely reactive unit, ra
idly migrating to and complexing with other defects prese
in the material.

The defect gives rise to a gap level which contains o
electron. For (CiH) ^100&Si, this was above midgap, and th
level appeared below midgap for the (CiH)BCSi structure.
Although we cannot exactly place the defect levels ac
rately, it is clear that this positioning of these levels is co
sistent with the highest occupied state being a single elec
occupying either a Si- or C-relatedp orbital. Hence the de-
fects are paramagnetic in the neutral charge state withS5
1
2. The Kohn-Sham levels for all four of these configuratio
as well as their dependence on the charge state, are
trated in Fig. 8.

We now investigate the charged Ci-H defects. Their struc-
tures are almost identical to the neutral defect. Table
shows the energies of the charged configurations. It is c
that the difference in energy between the two forms of
charged defect is much greater than the neutral case. In
negative charge state, the BC structure proved to be lowe
energy—being 0.55 eV below thê100& structure. Con-
versely, in the positive charge state the^100&-oriented defect
lays 0.72 eV below the BC configuration. The greater diff
ence in the energies of the two forms must result in a gre
diffusion energy for the charged defects, and these must b
f
r-
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least 0.55 and 0.72 eV, respectively, if the same paths
followed. These are comparable with the migration ene
for Ci .

The LVM’s are given in Table VII for the neutral defec
Anharmonic effects will probably be considerable as t
highest modes, and, as the energies for these excitation
close to the migration energy of the neutral defect, they
unlikely to be detected. This is similar to the situation for t
dicarbon defect.29

B. Ci-H2 defect

The rapid diffusivity of Ci-H suggests that it is likely to
easily react with other impurities, and we now consider
effects of the addition of a second H which would render
defect electrically inactive and probably immobile. On
again, there are two likely configurations for the Ci-H2 defect
arising from the saturation of the radical in Ci-H: the
^100&-oriented CH-SiH split interstitial, Fig. 9~a! labeled
~C iH2) ^100& and a (Ci-H2) unit lying at a bond center be
tween two silicon atoms@Fig. 9~b!#, ~C iH2) BC. The first of
these does not possess any symmetry, and the latter hasC1h
symmetry.

An 88-atom cluster CSi43H44 was used to investigate
these forms. The BC structure proved to be lowest in ene
being 0.58 eV below thê100& structure. This reflects the
strong C-H bond strength. Figure 7 shows that the secon
has completely passivated the defect. Table VI gives
structural data, and its vibrational modes are given in Ta
VIII.
e
TABLE IV. Calculated local vibrational modes of the two Cs-H2 configurations along with their isotop
shifts.

Symmetry 12C H H 12C $H,D% mix 12C D D 13C H H

(CsHBC)~SiHAB)
A1 3004.3 3004.3 2204.3 2203.6 2995.7
A1 2135.1 1532.3 2134.4 1532.3 2135.1
E 1232.1 1232.1 925.0 915.3 1228.6
E 920.0 655.1 911.0 654.6 920.0
E 642.3 641.2 617.4 617.4 627.0

(HACCs)(HBCSi!
A1 3053.2 3051.5 2420.8 2234.4 3045.1
A1 2412.3 1732.4 2227.1 1731.9 2412.3
E 1074.8 1074.7 791.4 791.2 1073.1
E 664.8 664.3 641.5 641.1 648.9
E 629.1 429.1 629.0 429.1 628.7
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TABLE V. Relative energies for the Cin-Hm structures examined in this work.

Configuration Description Relative energy~eV!

Ci-H
(CiH) ^100&Si A ^100&-oriented C-Si split interstitial with a C-H bond

~0,1,2)
0.00, 0.00, 0.55

Ci~SiH! ^100& A ^100&-oriented C-Si split interstitial with a Si-H bond 0.47
(CiH)BCSi A bond-centered Ci-H defect~0,1,2! 0.03, 0.72, 0.00
Cs~Si iH)BC A bond-centered Sii-H defect with a neighboring Cs 1.65

Ci-H2

~C iH2) ^100& A fully passivated̂ 100&-oriented C-Si pair 0.58
~C iH2) BC A bond-centered Ci-H2 defect 0.00

Cs-(Ci-H!

A-CsCiH The A form of Ci-Cs with H bonded to the Ci 0.55
B-CsCiH The B form of Ci-Cs with H bonded to the Sii 1.81
Cs(CiH)BC The C-H BC model with the Si labeled 1 and 2@Fig. 10~b!# 0.28

replaced by C
Cs1(CiH)BC The C-H BC model with the Si labeled 3 and 4@Fig. 10~b!# 0.68

replaced by C
Cs(CiH) ^100& A ^100& C-CH split interstitial with H lowering the

symmetry toC1ht

0.00

C2-H2

~C2H2) ^100& A ^100&-oriented C2-H2 defect 0.00
~C2H2) BC A bond-centered Ci-H2 defect with a neighboring Cs 0.99
~C2H2) ^110& A ^110&-oriented C2-H2 defect 3.59
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Since this defect is electrically inert and possesses h
thermal stability, it is surprising that there have been no
ports of its associated vibrational modes. Its SiiH2 analog
has been detected in low-temperature proton-implan
samples,46 and has been the subject of theoretic
calculations.67,68,46

C. Cs-„Ci-H… defect

Another possible reaction which Ci-H might undergo is
trapping by Cs . As well as by capture of CiH by Cs , a Cs-

TABLE VI. Calculated bond lengths for the interstitial carbo
hydrogen complexes investigated in this work. Subscripts refe
the atoms coordination and numbers in brackets indicate the m
plicity of the bonds.

Structure Bond

(CiH) ^100&Si C4-H C4-Si4 C4-Si3 Si3-Si4
1.092 1.944~2! 1.861 2.249, 2.252

(CiH)BCSi C3-H C3-Si
1.078 1.797, 1.811

~C iH2) BC C4-H C4-Si
1.090 1.860, 1.872

Cs(CiH) ^100& C4-H C4-Si4 C4-C3 C3-Si
1.107 2.047~2! 1.460 1.908 1.914

Cs(CiH)BC C3-H C3-C4 C3-Si C4-Si
1.115 1.404 1.816 2.126, 2.184~2!

~C2H2) ^100& C-H C-C C-Si
1.085 1.500 2.014 2.019
h
-

d
l

(Ci-H! defect could be formed by the capture of H by t
dicarbon defect. These structures will also be investiga
and, in Sec. V D, we will outline the most likely formatio
mechanism of all of these defects.

There are of course many possible configurations of s
defects but the most likely ones are the following:~a! TheA
form of the dicarbon defect with H bonded to either of t
undercoordinated atoms.~b! The B form of the dicarbon de-
fect with H bonded to the Sii . ~c! A ^100&-oriented C-~CH!
interstitial defect with these atoms occupying a single latt
site @Fig. 10~a!, labeled Cs(CiH) ^100& #. ~d! A bond-centered
Ci-H unit with a neighboring Cs atom@Fig. 10~b!, sites 1 and
2, labeled Cs(CiH)BC]. ~e! A bond-centered Ci-H unit with a
substitutional carbon atom in the next nearest neighbor

to
ti-

FIG. 8. The Kohn-Sham levels of the interstitial carbo
hydrogen defects.
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@Fig. 10~b!, sites 3 and 4#. ~f! A ^110&-oriented split-
interstitial defect with the C-CH occupying a single latti
site. All of the above configurations possessedC1h symme-
try.

The defects were inserted into 86-atom clusters, and
atoms relaxed with a full symmetry constraint until the eq
librium geometries were determined. The ground-state c
figuration consists of~c!, where H saturates a C radical in the
^100&-oriented C-C split interstitial. The relative energies
the other configurations are listed in Table V. A second c
figuration Cs(CiH)BC has an energy 0.28 eV higher. It
interesting to note that both low-energy configurations p
sess a C-C bond, contrary to the case for the isolated d
bon center. The neutral ground-state structure is param
netic, with S5 1

2, and is isoelectronic with theIA
configuration of the Ci-Ps defect which was investigated ex
perimentally.

The Kohn-Sham eigenvalues are shown in Fig. 7, a
indicate that the defect gives rise to one gap level, contain
one electron. This occurs around midgap, and is related
nonbondingp orbital on the undercoordinated carbon ato
An estimate for the donor and acceptor level positions w
obtained using the Slater transition method, and scaling
results to the experimental band gap. This gave the acce
level atEc20.39 eV, in reasonable agreement with the o
served value ofEc20.20 eV. The donor level was found t
be atEv10.28 eV, and as thus far escaped detection exp
mentally.

TABLE VII. Calculated local modes of Ci-H configurations,
cm21.

Symmetry 12CH 12CD 13CH

(CiH)BCSi
A 3050.0 2234.6 3041.6
A 1142.8 772.0 1134.7
A 952.4 1010.1 928.1
B 627.8 549.8 622.0
A 573.7 569.6 569.4

(CiH) ^100&Si
A 3029.2 2219.5 3020.8
B 1038.0 797.9 1035.2
A 974.3 786.5 969.3
A 727.1 649.9 710.0
B 683.6 652.7 664.7

FIG. 9. The possible Ci-H2 configurations:~a! the ~C iH2) ^100&
configuration, and~b! the ~C iH2) BC configuration.
ll
-
n-

f
-

-
r-
g-

d
g
a

.
s
e

tor
-

ri-

The defect has been assigned to the 0.9351-eV PL ce
or T center. The structure and vibrational modes of t
ground state structure are given in Table IX and their re
tionship with the modes observed for theT center has been
described previously.5 Analysis of the Zeeman splitting o
the PL line confirms that the neutral state of theT-line defect
is paramagnetic withS5 1

2 consistent with the singly occu
pied Kohn-Sham level from the calculation, illustrated alo
with the BC configuration levels in Fig. 7.

Configuration ~d! is a dissociated form of the defec
where the Cs and Ci-H units are separated by one silico
atom. The energy of this configuration suggests that
binding energy of Ci-H with Cs is ;0.6 eV. Thus theT
center is a thermally stable defect with an undercoordina
C atom, and may trap a second H atom. This passiva
dicarbon center will be discussed in Sec. V D.

D. C2-H2 defect

In samples with large concentrations of H, the intensity
theT line is greatly reduced. One possible explanation is t
the Ci-H precursor defect traps a second H atom, becom
immobile, thus blocking the formation of theT center. A
second possibility is that theT center rapidly traps a secon
H atom.

Here we investigated three possible configurations of
C2-H2 defect, using a 134-atom tetrahedral clus
C2Si70H62, in which all atoms were relaxed. The configur
tions examined were~a! the ^100&-oriented defect labeled
~C2H2) ^100& ; ~b! a BC defect, with a Ci-H2 unit between Cs
and a Si neighbor, labeled~C2H2) BC; and finally ~c!
~C2H2) ^110& , where two~C-H! units share a lattice site thi
orientation. The symmetry of these three configurations w
constrained toC2, C1h, andC2v , respectively. The relaxed
structures of these defects are illustrated in Figs. 11~a!–

TABLE VIII. Calculated local modes of the~C iH2) BC configu-
ration, cm21.

Symmetry 12CHH 12CHD 12CDD 13CHH

A 3092.5 3076.4 2266.9 3087.4
B 3062.5 2252.3 2235.3 3051.4
A 1448.0 1288.9 1066.3 1443.8
B 1121.4 754.6 798.6 1121.4
A 1093.3 1088.8 728.1 1085.8
A 850.6 904.1 923.1 827.9
B 692.6 634.7 601.9 683.3
A 576.0 570.4 567.7 570.5

FIG. 10. The low-energy C2-H defect configurations:~a! the
Cs(CiH) ^100& configuration~T-center defect!, and~b! the Cs(CiH)BC

configuration.
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TABLE IX. Calculated vibrational modes, cm21, and their downward shifts with C isotopes, of th
^100&-oriented C-~C-H! defect, along with those observed form theT line.

Symmetry Mode 12C-(12C-H! 12,13 13,12 13,13 12C-(12C-D! 12,13 13,12 13,13

Calculated
A 2913.6 8.3 0.0 8.3 2138.3 12.1 0.0 12.2
A 1180.4 1.8 5.5 6.9 892.6 4.5 8.1 12.5
A L5 1097.8 19.2 20.7 40.8 1102.2 17.1 24.3 42.
B 870.7 1.7 0.0 1.7 643.6 4.0 0.2 4.2
A L4 743.6 1.0 22.0 23.1 713.7 0.9 16.6 17.
A L3 558.0 4.9 3.4 7.6 552.7 4.0 2.7 6.1
A L2 542.4 3.7 0.2 3.8 539.2 2.5 0.1 2.5

Experimenta Mixed Mixed
A L5 1056.0 18.0, 27.0 45.0 1052.0 16.5, 20.5 38
A L4 796.0 25.0 759.0 16.5
A L3 567.5 3.0, 7.5 10.0 558.5 2.5, 5.3 7.7
A L2 531.5 2.0, 4.0 5.5 528.0 21.8, 1.3 2.3

aReference 5.
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11~c!. The most stable defect is~C2H2) ^100& , where H satu-
rates the C radical in theT center. Table V gives the relative
energies of the other structures. The Kohn-Sham eigenva
indicated that the stable defect is electrically inactive. Ta
VI give its structural details and the LVM’s are given i
Table X.

The defect is analogous with the hydrogenated s
interstitial defect ~Si iH2) which also has a ^100&
orientation68,46 with C2 symmetry. For comparison, the ca
culated and experimentally observed modes for this de
are also given. The C2-H2 defect possesses many localize
modes lying above the Raman frequency. In addition to C
stretch and wag modes around 3000 and 1200 cm21, there is
a high-frequency C-C mode at 1040 cm21 as well as local
modes from the C-Si back bonds.

VI. DISCUSSION AND CONCLUSIONS

It is clear that many defects can arise when H comple
with carbon. Substitutional carbon can weakly bind a sin

FIG. 11. The possible structures for the C2-H2 split-interstitial
defect:~a! the~C2H2) ^100& configuration,~b! the~C2H2) BC configu-
ration, and~c! the ~C2H2) ^110& configuration.
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H atom, leading to a bistable electrically active center
which can be associated with theE3 andH1 DLTS lines.
The H atom lies in a bond centered site for the neutral
positive defects, but is antibonded to C in the nega
charge state. The binding energy of neutral H to Cs was
calculated to be around 1.01 eV, in good agreement
other theoretical calculations, and is lower in the char
defects. This result seems to conflict with experimental
sults that have been interpreted in terms of a low activa
energy for dissociation of the neutral species. On the o
hand, if the neutral defect was a negative-U one, then two
electrons would be trapped and lead to a structural chan

We then considered the effect of adding a second hy
gen atom which leads to a stable electrically inactive2*
center. The two most likely configurations, (CsHBC)~SiH AB)
and (HACCs)(H BCSi!, possessed almost identical energ
although their LVM’s are quite different. There have been
reports of this center.

We then considered the defects formed when H inter
with Ci . The binding energy of H with Ci is very large,
;2.8 eV, and consequently such defects should be re
formed in irradiated material or annealed Czochralski~Cz!
-Si. The neutral defect exists in two almost degenerate s
tures consisting of â100&-oriented pair and a bond-center
pair. The bond-centered form has a similar structure toi .
Its migration barrier is 0.4 eV, and this low value impli
that the defect would easily migrate through the lat
readily forming complexes. The center is electrically ac
with a singly occupied level in the band gap. The nega
charge center is stable in the bond-centered form, while
^100& form is favored in the positive charge state.

The binding energy of CiH with Cs is 0.6 eV, and the
resulting^100&-oriented C-C pair, with H bonded with one
radical, is identified with theT photoluminescent~0.9351
eV! center. The calculated local vibrational modes and t
isotope shifts are in good agreement with observations
this center. The formation of theT center by this reaction i
more likely than the pairing of H with a dicarbon defect
the latter is not stable beyond;300 °C. TheT center can be
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TABLE X. The calculated vibrational modes cm21, and isotope shifts for the~C2H2) ^100& interstitial
defect. The observed and calculated LVM’s for the native IH2 defect are also given for comparison.

Symmetry 12C12CHH 12C12CHD 12C12CDD 12C13CHH 13C13CHH

A 2995.6 2992.6 2196.8 2993.6 2987.1
B 2989.6 2196.1 2195.5 2982.6 2980.8
A 1226.6 1223.7 926.1 1224.3 1221.4
B 1220.9 895.6 882.9 1218.6 1216.8
B 1039.8 1043.1 1046.4 1022.6 1006.8
A 1000.0 993.7 743.0 998.7 997.6
B 976.7 741.3 722.3 973.8 969.1
A 633.5 616.1 601.7 628.1 615.2
B 631.4 612.8 599.9 619.2 613.1
A 560.2 557.4 555.3 556.1 552.8

IH2 observeda HH HD DD

A 1989.4
B 1986.5

748.0
743.1

IH2 calculateda HH HD DD

A 2154.3 2151.7 1546.6
B 2148.9 1544.5 1542.3
B 798.4 795.4 621.2
A 792.6 769.0 608.6

aReference 46.
H
d
g
in

g
ld

C

e
n

la
P

air

al
in

d
is

D,

at
observed when CZ-Si is annealed to 450 °C, or when
soaked float zone~FZ! -Si containing C is irradiated an
subsequently annealed around 450 °C. The annealin
probably necessary to break up H molecules and silicon
terstitial aggregates.

The Ci-H center can be passivated by further H trappin
Such a center would be immobile and its formation wou
block the production ofT centers. Alternatively,T centers
themselves could trap a second H, atom forming the inerts-
Ci-H2 defect.

There are of course many other possible defects form
which are beyond the scope of this current work, amo
these are the reaction of the migrating Ci-H with O, N, and
other CH defects. It seems likely that CH forms very simi
defects to those of isoelectronic impurities such as N or
l-

F

es
-

is
-

.

d,
g

r
.

For example, we have already pointed out that the C-CH p
is isoelectronic with Ci-Ps . More recent work59 has showed
that a NiO2i defect is a candidate for the shallow therm
donor, and if N is replaced by CH, there is little change
the structural or electronic properties.
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