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Interaction of hydrogen with substitutional and interstitial carbon defects in silicon
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An ab initio cluster method is used to investigate substitutional, @d interstitial, ¢, carbon defects in
silicon complexed with hydrogen. We find that the binding energy of neutral H with €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 trappe}l areéekt. H forms stronger
bonds with interstitial €. In the G-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-centergeH$iSiGlefect and g§100)-oriented
C;-Si split interstitial with H bonded to C 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 consistd@f) a
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 Toptwoluminescent center.
Finally, a further reaction involving th€ center and a second H atom is considered, and is found to lead to the
elimination of electrical activity[S0163-182@08)02707-6

I. INTRODUCTION ing C. However, we find it to be highly mobile and likely to
rapidly react with G and/or H. One of the products,;CH,
Both carbon and hydrogen can be adventitious impuritiesias been identifiedas a photoluminescentPL) center
in silicon. The former is introduced from graphitic contami- formed in Cz-Si heated between 450 and 600 °C which has
nants or carbonaceous gases present during growth, while tineither been irradiated to produce carbon interstitials, or
latter may be introducing during processing or from watersoaked in hydrogen. It seems that interstitials formed from
vapor. The carbon concentration is typically at least 50>  oxygen precipitates can produce,Gvhich reacts with iso-
cm™ 3! while the concentration of H is often unknown. The lated H interstitials possibly produced by the breakup of pre-
solubility of C is ~4x 10 cm™2 at the melting point of existing molecules, and then diffuses tQ.CThere are a
silicon? and that of H is~10' cm~2 at 1300 °C3 The two  number of PL centers produced in this way, and several con-
impurities have quite different properties: C is usually is atain C, O, and H in various proportions.
substitutional defect, & which is electrically inert and im- The plan of this paper is to first review studies of the C
mobile, while H is an interstitial defect. Although an isolated and G defects in Secs. Il A and Il B. We then briefly discuss
H interstitial is highly mobile and reactive, a pair of hydro- hydrogen complexes, especially those that involve intrinsic
gen atoms as in a molecule is inert. A single H atom can belefects, and in Sec. Ill we outline our calculational tech-
trapped by G producing a defect which is electrically active, nique. In Sec. IV, we consider two defects involving H
although of low thermal stability. This defect has been assobound to substitutional carbon defects, namelyHCand G-
ciated with theE3 andH1 levels detected by deep-level H} . As stated above, the first of these was apparently de-
transient spectroscop§DLTS).* Of greater stability is the tected in DLTS studies. Then, in Secs. VA and V B, we
defect formed when two H atoms are trapped as in a moldiscuss the interstitial carbon defects;HCand G-H,. The
ecule or B near G—although there is no evidence for these dicarbon centers &(C;-H) and G-H, are described in Secs.
latter defects at present. V C and V D. Finally, we give our conclusions in Sec. VI.
Although G is the normal species of carbon, an intersti-
tial form G is a prominent product formed after irradiation.
This, like H, is electronically active and highly mobile and Il. PREVIOUS STUDIES
readily complexes with a large number of other centers, for
example G and oxygen. Often these complexes are them-
selves electrically active and stable to quite high tempera- Substitutional carbon defectsy Gn Si were first detected
tures. We shall explore in this paper the defects formed byhrough infrared spectroscopy by the observation of a local
the reaction of Gand G with H interstitials. Other defects vibrational mode(LVM) at 607 cm 1.%7 This frequency is
involving C, H, and O will be discussed in a separate paperabout 80 cm ! above the Raman peak of Si at 523 th
The simplest defect is;@, and it would be expected that suggesting that a light impurity is involved or else a defect
this might be easily detected in proton-implanted Si containwith a strengthened force constant. The presence of carbon

A. Substitutional carbon
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o Cs o Ci tion experiments on room temperatueeirradiated Si°
! o) 856 meV where two high-frequency LVM’s at 921 and 930 crh
Sij were observed. ds an electrically active defect with deep
% W QOnor and acceptor levels, and remarkable in thel sense that it
is has been observed by all the main characterization tech-
niques.

Cimigration DLTS studies gave donor and acceptor levelg at- 0.28
l and E.—0.10 eV, respectively"'*® Electron paramagnetic
resonancéEPR) experiment®show that both charged de-
CsCi fects posses€,, symmetry. A large C-related anisotropic
© hyperfine interaction was found for the Cdefect implying
CiOi Aform that the donor level was due topanon-bonding orbital on
© the C radical® In contrast, there was no shift of the hyper-
fine interaction with carbon isotopes found fof C® This
implies that the acceptor wave-function has little amplitude
with C. The vibrational modes at 921 and 930 chappear

@ in a 2:1 intensity ratio, suggesting the neutral defect has

789 meV B-form trigonal symmetry. However, uniaxial stress studies on the
(C line) ‘ two LVM'’s (Ref. 20 showed that the neutral defect has the
969 meV sameC,, symmetry as both charged defects. aso pos-

. . 21
FIG. 1. Low-temperatureT(<300 °Q carbon-related centers in 'Sl'i'sssirsar?s'?ggtpsmgnels'gsﬁ L) lr:r;(fafeczggnt()j e: C?]E;?q Ee'xlthe
silicon: (a) The substitutional carbon defe¢h) The isolated inter- ! ition 1S Inexpli yu y gel

stitial carbon defectic) The A form of the dicarbon defectd) The C isotope, and there are no phonon replicas which might
B form of the dicarbon defecte) The interstitial carbon-oxygen have revealed the presence of carbon, but the PL has been

complex. assigned to the defect, as both it and the infrared-absorption
intensities disappear together above room temperature. The

was confirmed by the shift in the LVM to 589 and 573 ¢in bound exciton is believed to be composed of a localized hole
for 13C and “C, respectively. No electrical activity has been trapped in the deep donor level and a delocalized electron.
correlated with ,the defect, while x-ray studieg carbon-rich The energy barrier to a reorientation of the defect was deter-
Si suggest that the C-Si bonds are significantly shorter thaftined by EPR(Refs. 19 and 1Bto be approximately 0.8

the bulk Si-Si bond. These short C-Si bonds impose an in€Y—the same as the activation energy deduced from the

ward, tensile, strain on the lattice hence, causing carbon tgisappearance of the LVM's. Accordingly, this is taken to be

act as a sink for interstitial defects which locally compressin€ long-range migration barrier for the defect as it hops
etween lattice site%.

the lattice. Carbon is also much more electronegative thaH h . . for th fect is th
silicon and the polarization can also attract other impurities, 1€ Microscopic structure proposed for the defect is the

The resulting complexes are often—but not invariably—S2M€ for all three charge states and where C-Si form a split
electronically active, and persist to a higher temperature thafiterstitial with a(100 orientation illustrated in Fig. (b).
the isolated interstitial defect. This trapping can be of use as! NuS Poth C and the Si atom which share the lattice site have
for example, Si interstitials are trapped by carbon with the!nsaturated bonds. _
consequent reduction in the unwanted diffusion of boron, 'heoretical calculatlons_have_péi?_v;ged support for the
whose migration is mediated by silicon interstiti&©xygen ~ Structural model of the interstitiaf. Tfhle calculated
interstitials can also bind to the substitutional deféct?and ~ LYM's (Refs. 24 and 2Pare around 900 cm, and in rea-
form an electrically inactive defect which is stable to 600 °C.Sonable agreement with the observed ones. Theory gives the
The main properties of substitutional carbon have beeﬁn'grat'ozr})/gg%'e”t?t'gn energy barriers to be about 0.55-
confirmed by theory. Previous local-density-functional 1-10 €Vi>“*“"again in fair agreement with the experimental
(LDF) calculation®*4found that the inactive substitutional results, although there is still controversy over the migration
defect, illustrated in Fig. (8), remained on site with a C-Si path. However, theory is still unable to determine the precise
bond length about 10% shorter than that of Si in good agreedonor and acceptor levels, although the ove_rall properties of
ment with the x-ray measuremerités vibrational mode is the donor and acceptor wave functiéh® are in agreement
very sensitive to the C-Si bond length, and is calculated to ligVith those inferred from the EPR measurements. _
between 561 and 684 cni, in fair agreement with the ex- Above room temperature, the @efect becomes mobile,
perimental value of 607 cmt. Theory has shown that one and can complex with other defects and impurities. In low
oxygen atom is readily trapped by the def¥cand it seems OXY9en content material, the C, defect is formed when ,C

that this impurity avoids the very short Si-C bond andis trapped by €. This defect is bistable, existing in two
bridges an adjacent Si-Si bonds. configurations, labeled andB, depending on charge stafe.

EPR and DLTS studies showed that theform possessed
C,n symmetry and was the stable form for both singly
charged defectsA™'~, while the B form is stable in the

As discussed above, mobile silicon interstitials are alsaeutral charge defect. The defect can be converted into a
trapped by G, forming the interstitial carbon defect G®2  metastable form by the sudden injection of carriers as in a
The neutral € defect was first detected by infrared absorp-light pulse or a switch in bias potential. Thet0land —/0

B. Interstitial carbon
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levels of theA form lie at E,+0.09 andE.—0.17 eV, re- lines found in heat-treated material are also present in Si
spectively. The neutral state refers to the metastable defedeliberately doped with H, and these lines are shifted by
EPR studies showédthat the carbon atoms are inequivalent deuteriunt®~*° demonstrating that H forms part of the de-
in this configuration, and thg tensor was perturbed by stress fect.
in a very similar way to the isolated; @efect. The model The monatomic neutral defect has been detected by EPR
deduced from these experiments consists (@G0)-oriented  (AA9 centey in samples where it is implanted at low
C-Si split-interstitial perturbed by a second carbon atom at gemperature$!*? The activation energy for the migration
substitutional site, and bonded to the undercoordinated Sil " is 0.43 eVi1“#3*#4and this low value suggests that almost
atom° Figure Xc) shows the structural model for the  all the H could be trapped at other defects or as molecules. It
form of the di-carbon defect. is believed that the &/ and —/0 levels associated with the
Optically detected magnetic resonance studies showeidolated defect have inverted ordering with the former at
that theB form, stable in the neutral charge state, ag E.—0.16 eV and the latter around midgap.
symmetry for T>30 K, and Cy, symmetry at lower Low temperature proton implantation produces many H
temperatured! In this form the two C atoms are equivalent. defects besides the isolated interstitial. These incl(ale
The PL line at 969 meV, associated with tBeform, as  VH, defects withn<4; (b) the H; defect which consists of
Zeeman studies shows that the defect is neutral in the grourel H atom at a bond-centered site adjacent to H at an anti-
state, displays carbon-related phonon sidebands at 597.5 abdnding site*® and (c) the passivated silicon self-interstitial
543.0 cm 1. The isotope shifts of these implied that the Si;H,.*® With the exception of/H,, these defects are stable
modes are dynamically decoupled. Thé0 and O# levels  up to~ 150°C. The SiH, defect has a carbon analog which
lie atE,+0.07 andE.—0.11 eV, respectively. This time the will be considered here.
charged states refer to the metastaBleonfiguration. The H forms electrically inactive complexes with many impu-
barrier betweem\ andB forms is around 0.2 eV. Annealing rities especially shallow donors and acceptomhich are
studies indicate that the dicarbon defect disappears by dissetable until about 250°C" and transition-metal
ciating around 300 °C. Soret al*° proposed that a twofold-  impurities?® Its interaction with carbon will be considered in
coordinated Si atom lies between twg &oms, as illustrated Sec. Il E.
in Fig. 1(d). Note that there is no C-C bond in the defect. Theoretical calculatioff8 suggest that an isolated H inter-
Recent theoretical calculaticii€® give support to these stitial is bistable and diffuses rapidly. In the positive and
models. TheA form is found to be more stable than tBe neutral charge states, H preferentially sits at the bond-
form for the = charge states, but the neutfaform was still  centeredBC) site, while in the negative charge state the
~0.35 eV more stable than the neutBlform, in conflict  site is the ground-state configuration.
with experiment® However, the calculations did reveal the
presence of two decoupled vibrational modes in Bhform
each associated with the vibration of a single C atom against
its back bonds, and resolving the long-standing problem of Recent DLTS experimem>24suggested that hydrogen
the LVM's arising from the PL measurements. The modesan be trapped by £ forming theE3 defect with an Of
arising from the movement of Salso involves the motion of level atE.—0.15 eV. The presence of both C and H in the
both C atoms but their extreme anharmonicity leading to alefect was inferred from the variation in the trap concentra-
short lifetime probably prevents their observatfSn. tion with [C] and[H]. It is believed that the defect contains
Other impurities are known to interact with; Cfor ex-  only one C atom and one H atom and does not contain oxy-
ample oxygef and phosphoru¥ Theoretical modelling of ~gen, although there is no direct evidence for this constitution.
the G-O defect shown in Fig. () was given in Ref. 33, The stability appears to depend strongly on charge di&te.
while the G-O, center was discussed in Ref. 34. The stableH] © anneals out at 80°C with a ratee =T, where the
form of the GP, pair is the same as the isolategl @fect ~activation energf is 0.7 eV andv~10" s~ 1. This value of
shown in Fig. 1b), but thesp?-bonded Si is replaced by P. v suggests that the dissociation of the defect is controlled by
This configuration gives rise to donor and acceptor levels athe capture of electrons resulting in a less-stable neutral de-
E,+0.48 andE.—0.38 eV, respectively. There are severalfect. This is supported by observatidrthat light enhances
other metastable forms knowf. the dissociation, but only outside a depletion layer where
photogenerated electrons can be trapped. These experiments
show that the neutral defect anneals out at 20 °Gp-Bi, a
C. Hydrogen hole trap(H1), stable to 100°C, has been correlated with C
A wide range of experimental studies have found thatand H and this dissociates with and v being 1.7 eV and
hydrogen is also a common contaminant in siliédnt is ~ 10'° s~1. This last figure seems far too large, and suggests
believed that the molecular form is a common interstitialthat dissociation is not governed by an Arrhenius behavior.
defect, but its concentration is uncertain as it is inert. InThe —/0 level is placed aE,+0.33 eV. The similarities in
plasma-treated material, Raman-scattering stdllissow the behavior and their spatial distribution led Kamietaal*
hydrogen modes around 4100 cthwhich have been attrib- to suggest thaE3 andH1 arise from a bond-centered and
uted to molecules close to the surface. Recent reports suggesitibonding configuration of ag£H defect, respectively, im-
that the molecule can be trapped near oxygen, and aplying that the defect is bistable.
infrared-active stretch mode lies around 3900 ¢mi’ There Before detailing the theoretical modelling of the defect to
are many indications of the presence of hydrogen even whediate, the possible £H configurations are described. The
it is not intentionally introduced. For example, several PLfour most obvious configurations are the following) H

D. Previous work on C,-H complexes
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(a) ration in agreement with Ref. 15. When Hartree-Fock corre-
lation corrections were included, the lowest-energy
configuration switched from LH gcSi) to (CH gc) Si, but

the energy difference between these two forms was found to
be only a few meV.

In the light of the experimental data which suggests that
the ground-state structure changes with charge state, LDF

calculations were performed on the-B defect in the three
charge states utilizing nine-atom supercglisThe stable
structure was ((Hgc)Si, in all charge states with a H-

binding energy of 1.20 eV for the neutral one. In the negative
charge state, however, the dissociated configuration where H
lies at a tetrahedraly site to one of the Si neighbors of C
has an energy within 0.06 eV of the ground state. The close-
ness of these energies suggests that the negatively charged

defect is barely stable. The calculations for the relative ener-
gies of the metastable neutral structures differed from the
previous results. The lowest-energy metastable configuration
was G(SiH ag), lying 0.57 eV above the ground state. Al-
most degenerate in energy with this structure was
, o HasCs) Si, which was 0.61 eV above the ground state.

lying near a bond center between C and a Si neighbor bu(( These results therefore indicated that tra?pping of two elec-
bonded to C. We _shaII refer to this qonf|gurat|on 3Strons by (G-H) * could lead to a rapid dissociation and such
(CsHg)Si. (b) H antlbondeq to C (WCy)Si. (©) H.bond a change would explain the loss of the—0.15 eV state
centered between C and Si but bonded to &HgcSi). () after illumination. For clarity, the main results are summa-

H antibonded to Si GSiH xg). These are illustrated in Figs. 1jzeq  along with the results of our calculations described
2(a)—2(d). Two further configurations are considered which below in Table I.

are related tdb) and(d), but the H atom lies at @, site and
the C-Si bond is reformed.

Early theoretical modelling of the defettusing Hartree-
Fock theory, concluded that there two almost degenerate Minaev and Mudyri® observed several sharp PL lines
neutral ground-state configurations. These correspond tisom Cz-Si annealed between 450 and 600 °C. The presence
structures Q(H zcSi) and (HyzC,)Si, with the latter being of oxygen and carbon in many of these was deduced from
slightly higher in energy0.05 e\). The binding energy of H their presence in the material. Deliberate introduction of H
to C in this defect was found to be 1.42 eV, and both of thes@nd C, followed bye or n irradiation, can dramatically affect
configurations gave rise to defect-related states in the baritie intensities of some of these PL lines. Isotopic analysis
gap. The Q(SiH,g) configuration was found to be 0.94 eV leads to shifts in the lines showing that many of these defects
above the ground state, with the tetrahedral sites being everontain carbor(e.g., theP andH centerg and both carbon
higher in energy. and hydrogenl(, M, andT center$.5"38:58:3%946rhe| ‘M, and

More recent calculations on the neutral defeaising T lines are believed to contain one hydrogen atom, due to the
LDF theory found (GHgc)Si to be the ground-state energy splitting of their zero-phonon lines into doublets when both
configuration, in contradiction with the previous calculation.H and D are present in the materfal.

The discrepancy between the two calculations was resolved Of particular interest here is the tfieline (935.1 meV
after further worR* using standard and post-Hartree Fockwhich has been studied most extensively. Isotope shifts in
techniques on molecular clusters, as well as densitythis zero-phonon line with3C (Ref. 57 confirmed the pres-
functional-theory calculations in clusters and supercells. Thence of carbon in the defect, and further stutfieshowed
two bond-centered structures {c) Si and G(HgcSi) were  that the defect contained H and posses€gg symmetry.
found to be the lowest-energy configurations, with LDF cal-There is no evidence from the splitting of the zero-phonon
culations predicting (Ggc) Si as the lowest-energy configu- line in mixed isotopic cases, for more than one C or H atom.

FIG. 2. The possible &£H defects in Si(a) the (GHgc) Si con-
figuration, (b) the (HygCs)Si configuration(c) the G(HgcSi) con-
figuration, and(d) the G(SiHag) configuration.

E. Previous work on G-H related complexes

TABLE I. Relative energie¢eV) for the G-H defect in Si with varying charge state. NF indicates that the
structure was not found as a stable or metastable configuration.

Previous worlé Present work
Structure + 0 - + 0 -
(CsHgeo) Si 0.00 0.00 0.00 0.00 0.00 0.04
(HagCy)Si 0.70 0.60 0.30 0.49 0.33 0.00
Cs(HgcSi) NF NF NF NF NF NF
C(SiHag) 0.71 0.57 0.06 1.97 1.12 0.79

8Reference 15.
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However, C-isotopic shifts of an LVM, observed as a pho-tial found previousl§* was used to construct the remaining
non replica to theT line, demonstrated that the defect con- entries in the dynamical matrix for the cluster. From this, the
tained two C atoms. In recent workhis and other LVM’s,  vibrational frequencies of the cluster, and their normal coor-
along with their isotope shifts, have been detailed, and thesdinates were found. Further details are given in Ref. 62.
results, in conjunction witlab initio calculations, have elu- The procedure for determining the migration barrier for
cidated the microscopic structure of the defect. This consistthe defects investigated here is as follows: The saddle point
of a(100)-oriented C-CH pair occupying a single lattice site, for the possible migration paths are not clear for the defects
the structural model is discussed in more detail in Sec. Vinvestigated in this work, so to estimate it the following pro-
This defect is isoelectronic with ;P and is also the first cedure was taken: Vector displacements of equivalent atoms
C-related defect known to contain a C-C bond and should b&om two low-energy configurations were determineg,
contrasted with the dicarbon center discussed above. If the B R!—R?, whereR! andR? refer to the staring and ending
concentration is large, with respect to C, thdine disap- atomic configurations. All atoms were then moved along the
pears. We shall discuss possible reasons for this in Sec. Vieectorv; by a fractiona to give the intermediate points in
The high mobility and reactivity of GH defects suggests the migration, and then all atoms were allowed to relax from
that complexes could be formed with many other impuritiesthese positions subject to a further constraint that the vector
and recently we have considered a shallow donor defeasf further displacements are perpendicularvie until the
formed from a complex of GH with pair of oxygen atoms® optimization was complete. The result of this is a profile of
At the moment there is no definitive evidence that such comthe energy as a function af for the restructuring of the
plexes exist, but there are indications. A shallow H donordefect, and the barrier for migration and/or reorientation cor-
calledNL10(H) has H lying along #110] axis is stable to responds to the maximum value of energy obtained, at the
520°C® This seems a distinct defect from the H-passivatectorresponding saddle configuration.
thermal donor® which are stable up to 200 °C. However,  Typically, variations of up to 0.3 eV in the relative ener-
there is no evidence for the involvement of carbon at thegies of configurations were found, as the energy converged
present time. with increasing cluster size. For the defects investigated here,
in which the difference in ground-state energies was small,
and any variations may critically affect the migration barriers
(namely, GH), calculations performed on a number of larger
We carry out LDF cluster calculations on large hydrogenclusters confirmed that the energy had converged with the
terminated clusters using th&b Initio Modeling Program  results being independent of cluster size.
(AIMPRO).®? For most calculations C and H atoms were
added to an 86 atom trigonal cluster,$i,,, representing IV. SUBSTITUTIONAL CARBON-HYDROGEN
the perfect material. A central Si atom was replaced by C and COMPLEXES
another H atom added to model thg- & defect. In a similar
way additional atoms were added to investigate interstitial
carbon-hydrogen defects. To explore dissociation and reori- The C and H atoms were introduced into the center of the
entation energies, C and H atoms were added to a largé6-atom cluster with atomic positions and bond lengths cho-
131-atom cluster SiHg cluster representing perfect mate- sen to form all four possible structures outlined in Sec. II,
rial. Figs. 2a)—-2(d). All atoms were then allowed to relax with
Norm-conserving pseudopotentials for carbon and silicorthe symmetry constrained @, . Table | shows the relative
were taken from Ref. 63, whereas the full Coulombic poten-€nergies of the various configurations. In agreement with all
tial was used for the H atom. The electronic wave functiongrecent theoretical calculations, {dzc)Si was found to be
were expanded using a basis ®fand p Gaussian orbitals the most stable structure in the neutral charge state. Our
centered on the nuclei, and at the center of selected bondi&ends in energies against charge state are in agreement with
Eight Gaussian orbitals of different exponents were used othose of Ref. 55, although we disagree on the metastable
the C atonts), and the innermost Si atoms. A fixed linear Structures. These trends are illustrated in Fig. 3, and are
combination of eight Gaussians was used on all other Sjiven along with the results of the previous calculation in
atoms. Three Gaussian orbitals with different exponentdable I. The energy differences between the stable and meta-
were sited on the defect-related H atoms, and a linear constable configurations decrease as the charge state changes
bination of these Gaussian orbitals were used for the termifrom positive to negative in both the present results, and the
nating H atoms. Additionally, threeandp Gaussian orbitals previous calculation.
with different exponents were placed at the center of every The defect is bistable with H lying at a BC site but
bond in and around the defect core. The charge density wasonded with C, the ((Hgc) Si configuration, Fig. @), being
expanded in a basis sfGaussian functions sited at the samethe most stable one in the neutral and positive charge states.
sites as above with the same number of different exponent$) the negative charge state however, the configuration
The self-consistent energy and the forces on each atom wewghere H lies at an AB site while still bonded with C, i.e.,
then calculated, and the structure relaxed by a conjugate gréH AsCs)Si, in Fig. Ab) is the most stable.
dient algorithm until the energy minima was found. For all charge states,((H gcSi) is unstable and H moves
In order to calculate the dynamical matrix, the secondspontaneously along111), bonding with C to form the
derivatives of the energy with respect to atomic position(CsHgc) Si structure, Fig @&). This agrees with the results of
were calculated for the C atoms, along with the neighboringRef. 15, but is in disagreement with the results of Refs. 53
silicon atoms, and defect H atoms. A Musgrave-Pople potenand 54, when it was found that@z:Si) was metastable.

. METHOD

A. C,-H defect
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s The unstable nature of &H as demonstrated by its low
dissociation energy suggests that it readily complexes with
other impurities and especially a second H atom. One possi-
bility is that a H, molecule would be formed and this might
Kaneta and Katayama-Yoshiddound that the QSiHpg) in lie close to G attracted by the polarization field. A second
the negative charge state to be almost degenerate withossibility is that a B defect bound to carbon is formed.
(CHge) Si, but we found a difference of energies of 0.75 eV. Since the defect contains CH bonds, it is expected to be more
The optimized bond lengths for the three stable structurestable than a solitary H defect which disappears at 200
and their variation in charge state are given in Table 11.°C*
These results show that H moves almost to theTiisite in There are two likely structures for this defe€t) the
the negative charge state of(SiH ,g). This was the only (CsHgc)Si structure of GH, with the second hydrogen at
tetrahedral configuration found. Our result is in disagreemenihe anti-bonding silicon site, an) the (HagC,) Si configu-
with the previous study> where it was found that the tetra- ration with the second hydrogen bonded to Si, and at the
hedral defect formed in the negative charge state, similar t§ond-centered site. These are labeledHge) (SiHag) and
isolated hydrogen. (H acCs)(H gcSi), respectively, and are illustrated in Figs.

We now consider the energy levels of the different struc-2(&) and gb). Their total energies are almost identical, the

tures in the neutral charge state. All three stable configuralSt configuration being lower in energy by 0.02 eV. Details

tions gave rise to a deep level which is singly occupied aé)f their structure are given in in Table Ill. The Kohn-Sham

shown in Fig. 4. Here the Kohn-Sham eigenvalues are Scale?jgenvalues are illustrated in Fig. 5, and show that the de-

to the band gap of silicon. The theory is not able to predic ects are electrically inactive. The LVM'’s for both configu-

. rations have been calculated, and are given, along with their
accurately the donor/acceptor levels but it is clear from the N
symmetries, in Table IV. There have been no reports of these

Kphn-Sham eige.nvalues t_hat in all cases yvhen H complexg odes, to our knowledge. The highest modes of each con-
with Cg an elect_rlcally actlve_ defect_ remains. These reSUltStiguration correspond to C-H and Si-H stretch, respectively.
are consistent with the tentative assignmer8fandH1 0 s jikely that these modes are overestimated by about 10%
the (GH gc)Si and (HacCo)Si structures, respectivefy. as similar calculations give this overestimate for btH,

The binding energy of neutral H with(Gs found to be  gefects in SiRef. 65 and C-H defects in GaA¥. The com-
1.01 eV by comparing the energies of the complex with itSpressed Si-H bond in the second configuration results in a
dissociated constituents using a 132-atom cluster. In the dissignificant increase of its stretch mode compared to that of
sociated form a neutral H lies at a BC site remote from C the first. The C-H and Si-H wag modes are much higher than
This low binding energy is similar to those found in previousthose in the second configuration. Both configurations give
calculations. This suggests that H released by a break up oise to a carbon relatel mode around 650 cmt. The large
molecules or platelets can be trapped hy C differences in the wag and stretch modes of thegeH{

FIG. 3. Trends in relative energies of the various configuration
of the G-H defects with varying charge state.

TABLE II. Bond lengths of the three stable configurations gftCin Si, in A.

(CsHeo)Si (HagCy)Si Cs(SiHpg)
Charge state + 0 - + 0 — + 0 -
C-H 1.093 1.096 1.102 1.082 1.084 1.086 3.724 5.234 4.953
Si-H 2.214 2.190 2.109 4.826 4.655 4,439 1.610 1.507 1.518
C-Si 3.307 3.287 3.211 3.744 3.571 3.353 2114 3.727 3.435

C-Si(3 1.987 1.968 1.941 1.992 1.979 1.963 1.989 1.891 1.863
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Fhgelor

FIG. 5. The G-H, configurations investigated(a) the (©) (d)
(CsHge) (SiHAg) configuration, andb) the (HacCs) (HgcSi) con-

defects suggests that their measurement might enable the
models of the defect to be distinguished.

R

FIG. 6. The possible configurations of thel€ defect in Si, and
the defect migration pati{a) the (GH) 100 Si configuration(b) the

The isolated Cdefect shown in Fig. (b) possesses two (CiH)gcSi configuration,(c) the (GH)gcSi configuration with the
undercoordinated atom&€ and S, and therefore H could rotated CH unit, andd) reformation of the (€H),109Si structure.
readily bond to either of these atoms forming a
(100y-oriented defect with H bonded to C, Figiah or with  ~0.27-eV peaking around=0.6, and then dropping as the
H bonded to Si(not illustrated. These configurations are BC form is realized. This value of corresponds to the
labeled (GH)109Si and G(SiH) 10g - There is also the pos- barrier for interconversion between the two low-energy
sibility of a structural change to a BC form with either the forms of the defect. There is then the possibility af420°
C-H unit at the center of a Si-Si bond () gcSi, Fig. b),  rotation of the bond-centered-& unit about thg'111) axis,
or with a Si-H unit at the center of a;&Si bond G(SiiH)gc. the BC defect having three equivalent structures. A second
All four of these configurations posseSsg,, symmetry. constrained run withR; representing the BCand BG con-

The four configurations were inserted into a tetrahedrafigurations, Figs. @) and &c), was performed, and the re-
131-atom cluster, and all atoms were relaxed. The defectsults are shown in Fig. 7a(;). The 0.16-eV barrier for the
retained theirC,, symmetry throughout the relaxation. The rotation of the bond-centered CH unit is lower than the bar-
resulting energies and structural details of the four configurier for interconversion between the two different structures,
rations are given in Tables V and VI. Two structures pos-and peaks around=0.25 and 0.75. There is a slight reduc-
sessed almost degenerate energies in the neutral charge staien in energy ata=0.5 to 0.11 eV, where the ;&1 unit
the BC defect described as (@ gcSi possessed a energy passes through @;;,, mirror plane(corresponding to a rota-
0.03 eV above the (€)(109Si structure. The other struc- tion through 60°). Following the rotation of the BC defect,
tures were less stable by at least 0.47 eV. The binding energite migration process is completed with the reformation of
of H with C; in the [100] form was evaluated in the same the (100)-oriented defect, Fig. (@).
way as described above for,€. This gave a value of 2.8 From these results, it is clear that the migration energy for
eV which is, as expected, considerably greater than the bindhis defect is extremely low, around 0.3 eV. This is consid-
ing of H with C.

The near degeneracy in the energies of[th&0] and BC 040 . - - -
forms is surprising in view of the very different bonding
patterns. These two configurations possessed very differer%
energies for the Cdefect, and it is the presence of H which
stabilizes the BC form. The results suggest that the defecs
could rapidly diffuse. This is because a long-range diffusion.g
path can be constructed connecting these forms. The sadd 5
point for this migration path was found by the following £
procedure. A number of constrained relaxations were carriec ¢
out as described in Sec. lll. The initial cluster coordinates in 3
each run were linearly interpolated between the relaxeds
(100) and(111) bond-centered forms illustrated in Fig$ab @
and @b). Thus these coordinates are simply (&)R; Q
+ aR,, whereR; describes thé 1000 and (111) forms, re-  H
spectively. At each point along the line joining the configu-
rations, the cluster was fully relaxed, with the constraint that
the component of the force on each atom along this directior
was set to zero. The energies of each run vetsase shown
in Fig. 7 (a;). As the defect moves away from t&00) FIG. 7. The energy as a function effor the restructuring and
configuration into th€111) BC form, the energy rises until rotation of the G:H defect.

V. INTERSTITIAL CARBON-HYDROGEN DEFECTS
A. C;-H defect

030 1

Variation in ¢
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TABLE lIl. Bond lengths of the two possible configurations af-i8, in Si, in A.

(CsHgc) (SiHag) (HacCs) (HacSi)
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

erably lower than the 1.1 eV calculated for the migration ofleast 0.55 and 0.72 eV, respectively, if the same paths are
C;,%° where the observed value is 0.8 eV. It may seem surfollowed. These are comparable with the migration energy
prising that the GH defect diffuses easier than; CHow-  for C;.

ever, we think this reflects the low energy of the BC con- The LVM'’s are given in Table VII for the neutral defect.
figuration which is stabilized by the H atom: without H, the Anharmonic effects will probably be considerable as the
C atom would possess two dangling bonds. We thereforgighest modes, and, as the energies for these excitations are
expect the H defect to be an extremely reactive unit, rap- close to the migration energy of the neutral defect, they are
idly migrating to and complexing with other defects presentypjikely to be detected. This is similar to the situation for the

in the material. dicarbon defect®
The defect gives rise to a gap level which contains one

electron. For (@H)109Si, this was above midgap, and the
level appeared below midgap for the H}gcSi structure. B. C,-H, defect
Although we cannot exactly place the defect levels accu- S o
rately, it is clear that this positioning of these levels is con-  The rapid diffusivity of G-H suggests that it is likely to
sistent with the highest occupied state being a single electrop@sily react with other impurities, and we now consider the
occupying either a Si- or C-re|atq]j orbital. Hence the de- effects of the addition of a second H which would render the
fects are paramagnetic in the neutral charge state @ith defect electrically inactive and probably immobile. Once
1. The Kohn-Sham levels for all four of these configurations,again, there are two likely configurations for theld;, defect
as well as their dependence on the charge state, are illusfising from the saturation of the radical in-B: the
trated in Fig. 8. (100)-oriented CH-SiH split interstitial, Fig. (8) labeled
We now investigate the chargeg-B defects. Their struc-  (CiH,) (109 and a (G-H,) unit lying at a bond center be-
tures are almost identical to the neutral defect. Table Mtween two silicon atomgFig. 9b)], (C;H,) gc. The first of
shows the energies of the charged configurations. It is cleghese does not possess any symmetry, and the latte pas
that the difference in energy between the two forms of thesymmetry.
charged defect is much greater than the neutral case. In the An 88-atom cluster CSgH,, was used to investigate
negative charge state, the BC structure proved to be lowest ithese forms. The BC structure proved to be lowest in energy,
energy—being 0.55 eV below th€l00 structure. Con- being 0.58 eV below thé100 structure. This reflects the
versely, in the positive charge state (1®0)-oriented defect strong C-H bond strength. Figure 7 shows that the second H
lays 0.72 eV below the BC configuration. The greater differ-has completely passivated the defect. Table VI gives its
ence in the energies of the two forms must result in a greatestructural data, and its vibrational modes are given in Table
diffusion energy for the charged defects, and these must be #ll.

TABLE IV. Calculated local vibrational modes of the twq-8, configurations along with their isotope

shifts.

Symmetry 2CHH 12C {H,D} mix 2cDD BCHH
(CsHec) (SiHag)

A 3004.3 3004.3 2204.3 2203.6 2995.7
A, 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) (HecSi)

A, 3053.2 3051.5 2420.8 2234.4 3045.1
A, 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 GH,, structures examined in this work.

Configuration Description Relative ener¢gV)

C-H

(CiH)(109Si A (100)-oriented C-Si split interstitial with a C-H bond 0.00, 0.00, 0.55
0,+,-)

Ci(SiH) (100 A (100-oriented C-Si split interstitial with a Si-H bond 0.47

(CiH)gcSi A bond-centered @H defect(0,+,—) 0.03, 0.72, 0.00

Cs(SiiH) ¢ A bond-centered $iH defect with a neighboring C 1.65

Ci-H,

(CiH2) (100 A fully passivated 100)-oriented C-Si pair 0.58

(CiHy) gc A bond-centered EH, defect 0.00

Cs-(Gi-H)

A-C.CH The A form of C;-C with H bonded to the € 0.55

B-C,CH The B form of C;-C¢ with H bonded to the Si 1.81

Cy(CiH)gc The C-H BC model with the Si labeled 1 andRig. 10b)] 0.28
replaced by C

Cs+(CiH)gc The C-H BC model with the Si labeled 3 andFig. 10b)] 0.68
replaced by C

Cs(CiH) (100 A (1000 C-CH split interstitial with H lowering the 0.00
symmetry toC,

Co-H,

(C2H2) (100 A (100-oriented G-H, defect 0.00

(C,Hy) gc A bond-centered EH, defect with a neighboring C 0.99

(C2H2) (119 A (110-oriented G-H, defect 3.59

Since this defect is electrically inert and possesses highc,-H) defect could be formed by the capture of H by the
thermal stability, it is surprising that there have been no redicarbon defect. These structures will also be investigated,
ports of its associated vibrational modes. ItsHgianalog  and, in Sec. V D, we will outline the most likely formation
has been detected in low-temperature proton-implanteghechanism of all of these defects.
sampled® and has been the subject of theoretical There are of course many possible configurations of such
calculations>’ %84 defects but the most likely ones are the followirt@: The A

form of the dicarbon defect with H bonded to either of the
C. Cs-(Ci-H) defect undercoordinated atom&) The B form of the dicarbon de-

Another possible reaction which,<€ might undergo is f€ct with H bonded to the i (c) A (100-oriented C¢CH)
trapping by G. As well as by capture of @ by C,, a G- mterst_ltlal defect with these atoms occupying a single lattice
site [Fig. 10@), labeled G(CiH) 100y ]- (d) A bond-centered
TABLE VI. Calculated bond lengths for the interstitial carbon- C;-H unit with a neighboring Catom[Fig. 1Qb), sites 1 and
hydrogen complexes investigated in this work. Subscripts refer t@ |abeled Q(CiH)gcl. (e) A bond-centered CH unit with a

the atoms coordination and numbers in brackets indicate the multisypstitutional carbon atom in the next nearest neighbor site
plicity of the bonds.

Structure Bond _ — —_— -
(CiH)<100>Si C,-H C,-Siy C,-Si3 Si3-Siy o 4 L
1.092 1.9442) 1.861 2.249, 2.252 —~
(CH)geSi  CyH  Cy-Si Tl e
1.078 1.797, 1.811 &
= ——a—
(CH))ge CaH  C,Si g F
1.090 1.860, 1.872
Cs(CiH)(109 CaH  Cy4-Siy  C4Cy C;-Si
1.107 2.0472) 1.460 1.908 1.914 0.0 A — ——— =
C(CH)ge CsH CzC,  CsSi C,-Si =— = —
1.115 1.404 1'8].'6 2.126, 2.1828) CHopSi CHBSI  (CHIpe Cs(CHI 0> CoCHBC ©aH (100>
(C2Hp) (109 C-H c-C C-Si
1.085 1.500 2.014 2.019 FIG. 8. The Kohn-Sham levels of the interstitial carbon-

hydrogen defects.
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TABLE VII. Calculated local modes of &4 configurations, TABLE VIII. Calculated local modes of théC;H,) g configu-
cmt ration, cm L.
Symmetry 2cH 2cp BcH Symmetry 12CHH 2CHD 2cbD 3CHH
(CiH)gcSi A 3092.5 3076.4 2266.9 3087.4
A 3050.0 2234.6 3041.6 B 3062.5 2252.3 2235.3 3051.4
A 1142.8 772.0 1134.7 A 1448.0 1288.9 1066.3 1443.8
A 952.4 1010.1 928.1 B 1121.4 754.6 798.6 1121.4
B 627.8 549.8 622.0 A 1093.3 1088.8 728.1 1085.8
A 573.7 569.6 569.4 A 850.6 904.1 923.1 827.9

B 692.6 634.7 601.9 683.3

(CiH)(100Si A 576.0 570.4 567.7 570.5
A 3029.2 2219.5 3020.8
B 1038.0 797.9 1035.2
A 9743 786.5 9693 The defect has been assigned to the 0.9351-eV PL center,
A 7271 649.9 710.0 or T center. The structure and vibrational modes of the
B 683.6 652 7 664.7 ground state structure are given in Table 1X and their rela-

tionship with the modes observed for tfiecenter has been
described previously.Analysis of the Zeeman splitting of

. . . . the PL line confirms that the neutral state of dine defect
[Fig. 10b), sites 3 and # (f) A (11Q-oriented spiit- paramagnetic witts=3 consistent with the singly occu-
pied Kohn-Sham level from the calculation, illustrated along

interstitial defect with the C-CH occupying a single lattice

tsrl;e. All of the above configurations posses§gg symme- with the BC configuration levels in Fig. 7.

The defects were inserted into 86-atom clusters, and all Configuration (d) is a dissociated form of the defect

atoms relaxed with a full symmetry constraint until the equi—\;\gi:e _trr;]ee %r?grd Q'(;' tuhri"stsci:ﬁi Sl?r[;?igar:egubyeosrtf tsr:giotr;]e
librium geometries were determined. The ground-state con: : gy 9 99

figuration consists ofc), where H saturatea C radical in the nbmdlng_ energy of GH with G is ~0.6 ev. Thus the'l_'
(100 -oriented C-C split interstitial. The relative energies of center is a thermally stable defect with an undercoordinated

the other configurations are listed in Table V. A second con—C atom, and may trap a second H atom. This passivated

figuration G(C H)sc has an energy 0.28 eV higher. It is dicarbon center will be discussed in Sec. V D.
interesting to note that both low-energy configurations pos-
sess a C-C bond, contrary to the case for the isolated dicar- D. Co-H, defect
bon center. The neutral ground-state structure is paramag- In samples with large concentrations of H, the intensity of
netic, with S=3, and is isoelectronic with thelA  theT line is greatly reduced. One possible explanation is that
configuration of the GPg defect which was investigated ex- the G-H precursor defect traps a second H atom, becoming
perimentally. immobile, thus blocking the formation of th& center. A
The Kohn-Sham eigenvalues are shown in Fig. 7, andecond possibility is that th€ center rapidly traps a second
indicate that the defect gives rise to one gap level, containingd atom.
one electron. This occurs around midgap, and is related to a Here we investigated three possible configurations of the
nonbondingp orbital on the undercoordinated carbon atom.C,-H, defect, using a 134-atom tetrahedral cluster
An estimate for the donor and acceptor level positions wag,Si;Hg,, in which all atoms were relaxed. The configura-
obtained using the Slater transition method, and scaling thgons examined weréa) the (100)-oriented defect labeled
results to the experimental band gap. This gave the acceptoC,H,) (1oq ; (b) @ BC defect, with a GH, unit between ¢
level atE;—0.39 eV, in reasonable agreement with the ob-and a Si neighbor, labeledC,H,) gc; and finally (c)
served value oE.—0.20 eV. The donor level was found to (C,H,) (11, where two(C-H) units share a lattice site this
be atE,+0.28 eV, and as thus far escaped detection experiorientation. The symmetry of these three configurations was
mentally. constrained taC,, C,p,, andC,, , respectively. The relaxed
structures of these defects are illustrated in Figda):l

(a) , ®) (@) (b)

FIG. 10. The low-energy £H defect configurations{a) the
FIG. 9. The possible &, configurationsi(a) the (CiHy) (109 Cs(CiH) (100 configuration(T-center defegt and(b) the G(CiH)gc
configuration, andb) the (C;H,) gc configuration. configuration.
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TABLE IX. Calculated vibrational modes, cnt, and their downward shifts with C isotopes, of the
(100)-oriented C¢(C-H) defect, along with those observed form thdine.

Symmetry Mode *?C-(*’C-H) 12,43 13,12 13,13 *Cc-(*Cc-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 55 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 42.3
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 17.3
A L3 558.0 4.9 34 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
Experiment Mixed Mixed

A L5 1056.0 18.0, 27.0 45.0 1052.0 16.5, 20.5 38.0
A L4 796.0 25.0 759.0 16.5
A L3 567.5 3.0,75 10.0 558.5 25,53 7.7
A L2 531.5 2.0,4.0 55 528.0 -18,1.3 23

%Reference 5.

11(c). The most stable defect {€,H,) (109, Where H satu- H atom, leading to a bistable electrically active center and
rates the C radical in th€ center. Table V gives the relative which can be associated with tl&8 andH1 DLTS lines.

energies of the other structures. The Kohn-Sham eigenvalu@he H atom lies in a bond centered site for the neutral and
indicated that the stable defect is electrically inactive. Tablgyositive defects, but is antibonded to C in the negative
VI give its structural details and the LVM's are given in charge state. The binding energy of neutral H to v@as

Table X. _ _ calculated to be around 1.01 eV, in good agreement with
~ The defect is analogous with the hydrogenated selfsner theoretical calculations, and is lower in the charged
interstitial ngfe_c" (SijHz) which also has a(100  gefects. This result seems to conflict with experimental re-
orientatio?®*®with C, symmetry. For comparison, the cal- gujts that have been interpreted in terms of a low activation
culated and experimentally observed modes for this defectneqy for dissociation of the neutral species. On the other
are also given. The £H, defect possesses many_locallzed and, if the neutral defect was a negatlyesne, then two

modes lying above the Raman frequency. In addition 1o C- lectrons would be trapped and lead to a structural change.

stretch and wag modes around 3000 and 1200 Grthere is . . |
a high-frequency C-C mode at 1040 chas well as local We then considered the effect of adding a second hydro

modes from the C-Si back bonds gen atom which leads to a stable electrically inactive H
’ center. The two most likely configurations, $zc) (SiH ag)
VI. DISCUSSION AND CONCLUSIONS and (HacCo) (H gcSi), possessed almost identical energies,

. ) although their LVM's are quite different. There have been no
It is clear that many defects can arise when H complexe;eports of this center.

with carbon. Substitutional carbon can weakly bind a single We then considered the defects formed when H interacts

(@) (b) with C,. The binding energy of H with Cis very large,
( ~2.8 eV, and consequently such defects should be readily
formed in irradiated material or annealed Czochralskz)
-Si. The neutral defect exists in two almost degenerate struc-
tures consisting of 4100)-oriented pair and a bond-centered
pair. The bond-centered form has a similar structure to O
Its migration barrier is 0.4 eV, and this low value implies
that the defect would easily migrate through the lattice
readily forming complexes. The center is electrically active
() with a singly occupied level in the band gap. The negative
charge center is stable in the bond-centered form, while the
(100 form is favored in the positive charge state.
The binding energy of @ with C, is 0.6 eV, and the
resulting(100)-oriented C-C pair, with H bonded with one C
radical, is identified with thel photoluminescent0.9351
eV) center. The calculated local vibrational modes and their
isotope shifts are in good agreement with observations on
FIG. 11. The possible structures for the-B, split-interstitial ~ this center. The formation of the center by this reaction is
defect:(@) the (C,H,) (109 configuration(b) the (C,H,) gc configu-  more likely than the pairing of H with a dicarbon defect as
ration, and(c) the (C,H,) (11 configuration. the latter is not stable beyond300 °C. TheT center can be
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TABLE X. The calculated vibrational modes ¢rh, and isotope shifts for théC,H,) (109 interstitial
defect. The observed and calculated LVM’s for the native didfect are also given for comparison.

Symmetry 12C12CHH 12Cc12CHD 2c1cpD 12Cc13CHH 13Cc13CHH
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
IH, observed HH HD DD
A 1989.4
B 1986.5

748.0

743.1
IH, calculated® 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

8Reference 46.

observed when CZ-Si is annealed to 450 °C, or when HFor example, we have already pointed out that the C-CH pair
soaked float zoné€FZ) -Si containing C is irradiated and is isoelectronic with GPs. More recent work has showed
subsequently annealed around 450 °C. The annealing ihat a NO,; defect is a candidate for the shallow thermal
probably necessary to break up H molecules and silicon indonor, and if N is replaced by CH, there is little change in
terstitial aggregates. the structural or electronic properties.

The G-H center can be passivated by further H trapping.
Such a center would be immobile and its formation would
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