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Structural and vibrational properties of {N,N} pairs and {N,H} complexes in Si
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First-principles molecular-dynamics simulations are used to predict the structures and binding energies
of interstitial nitrogen N, substitutional nitrogen N the N-self-interstitial complex, théN;,N;}, {N;,Ng
={N,,V}, and{Ng,Ng={N,,V,} pairs(V is the vacancy The interactions of N with H in Si are studied
and the properties of severdN,H} complexes are predicted. The dynamical matrices yield many new
local and pseudolocal vibrational modes associated with the impurities and their Si nearest neighbors.
The unidentified{N, H}-related infrared absorption line reported by Pagotal. is assigned to théNg,H}

complex.
DOI: 10.1103/PhysRevB.69.165206 PACS nuniger61.72.Ji, 71.55.Cn
[. INTRODUCTION a puckered bond-centered site, with an activation energy of
0.5eV.
Nitrogen impurities, first detected in 19%9 play The dominant nitrogen defect in Si was identifiéds the

many useful roles in Si. Despite its low equilibrium interstitial-interstitial pair{N;,N;}, a square with two N’s
solubility,? N increases the mechanical strength of the crystaland two Si'3 at opposite corners. This configuratitwhich

by locking dislocations;® suppresses the formation of D agrees with oulsis discussed below. Recent calculatiths
defects and improves oxide integrfty,interacts with &>®°  suggest that this pair diffuses with an activation energy of the
and affects O precipitatiot''! Nitrogen is also involved order of 3 eV.

in the “ABC’ photoluminescence bant'* caused by a Nitrogen also interacts with the vacancy 3473
trigonal isoelectronic defect involving N and possibly Al as Nitrogen-V interactions such as;NV—{Ng,V}, {N;,N;}
well. +V—{N;,Ng} (also called {N,,V}), or {N;,Nj}+V,

Substitutional nitrogen Nwas identified by electron —{Ng,Ng (also called{N,,V,}) have been considered by
paramagnetic resonan¢EPR as the SL5 centér*® Iso-  several author&)*® The {Ng,Ng complex is found to be
lated N; is off-center along the trigonal axis, threefold coor- particularly stable. In Ref. 41, the binding energies relative
dinated, and over 70% of the odd electron resides on itso {N;,N;} and an isolated V or ¥ are 0.8 eV for{N;,Ng}
fourth Si nearest neighbor. This center reorients at lowand 3.6 eV for{Ns,Ng. The recent theoretical study of
temperature with an activation energy of 0.#07.02 eV  Gosset al*® discusses N the {N;,N;} pair and its interac-
(Ref. 16 and averages out to tetrahedral symmetry aboveéion with a self-interstitial or a vacancy, JN the {Ng,V}

150 K’ The observed off-center structure of iNas unex- complex, and the{Ng,Ng pair and its interactions with
pected at the time and stimulated a number of theoreticah vacancy.
studiest®24 H interacts with many defects and impurities in(Biefs.

However, channeling stud@s® imply that over 95% 44 and 45 and is sometimes introduced into the crystal from
of N is at interstitial rather than substitutional sites. Electricala H-rich SiN, surface layef®*” A number of FTIR lines
and Hall effect measuremeftsshow that less than 1% associated witiN,H} complexes in the bulk of Si have been
of the implanted N behaves like a donor. Using Fourier-reported’® Several of the 21 lines tabulated are associated
transform infrared (FTIR) absorption, Stef¥~3! demon-  with known defects, others are not identified, but a weak line
strated that most of the implanted N in Si forfis,N}  at 2967 cm® (2197 with D substitutionis tentatively as-
pairs and only 1% or so becomes substitutional. THNY  signed to aN,H} complex.
pairs are characterized by two strong IR lines at 766 In the present paper, we calculate the structures and ener-
and 963 cm' (749 and 937 for™™N, respectively, with getics of isolated N and N pairs in Si. Al the local and
new lines at 759 and 948 with mixed isotope$he two  pseudolocal vibrational modékVM’s and pLVM'’s) associ-

N atoms in the pair are equivalefitA weaker IR liné'  ated with the impurities and their Si nearest neighbors
at 653 cm! correlates with the SL5 EPR center and is (NN’s) are calculated and a number of new modes are pre-
attributed to N. dicted. The pLVM'’s are strongly localized N-related modes

Studies in Ge(Ref. 32 reveal the same centers as in located below thel' phonon. Their localization can be
Si, but for a new line at 590 cht in Ge. It appears to quantified® using the eigenvectors of the dynamical matrix.
be related to a weak 691 ¢ line in Si. No identification ~We also calculate the configurations, binding energies, and
of the associated defect was proposed. The 691'clime  complete vibrational spectra of thal; ,H} and{N,H} pairs,
anneals out just as the N pair lines start to gfdeuiggesting  and show that thgN;,N;,H} complex is unlikely to form.
that it could be associat&dwith interstitial nitrogen N. Section Il describes the methodology, Sec. Il deals with iso-
This interstitial is predicted to be highly mobigmigrating  lated N defects (N N;+V=Ng, and N+1={N;, I}, where |
from one splitt1000 configuration to another through is the self-interstitigl Sec. IV deals with nitrogen pairs
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(N, Nj, N N+V={N;,Ngt,  and  {N;,N¢+V
={Ns,Ng}), and Sec. V contains our predictions for the
{N;,H} and{Ng,H} complexes. The key results, the forma-
tion energies, and a discussion are in Sec. VI. The Appendix
contains tables of frequencies with isotopic substitutions
(combinations of'>N and/or D for {N,N} pairs and{N,H}
complexes.

Il. THEORETICAL APPROACH

Our first-principles results are obtained from self-
consistent molecular-dynamid#/D) simulations based on
local-density-functional(DF) theory. The calculations are
performed with the siEsTA code®®®' The exchange-
correlation potential is that of Ceperley-Aldéras param-
etrized by Perdew-Zunget.Norm-conserving pseudopoten-
tials in the Kleinman-Bylander forffiare used to remove the FIG. 1. (Color onling Fraction of the Sj, cell showing the N
core regions from the calculations. The basis sets for théefect. The light grayblue) spheres are Si atoms, the darker gray
valence states are linear combinationgrmfmerical atomic  (green sphere is N, and the small white ball shows the substitu-
orbitals of the Sankey type®® but generalized to be arbi- tional site.
trarily complete with the inclusion of multiplé-orbitals and
polarization functions® The charge density is projected (2172. For the symmetric Si-N stretch we find a mode at
on a real-space grid with equivalent cutoffs of 150 Ry to967 cm * which does not match its experimental identifica-
calculate the exchange-correlation and Hartree potentialgion of 845 cni*. The mode we find at 836 ¢ is a Si-H,
The host crystal is represented by a 64-host-atom periodigend mode.
supercell.

The valence states are described with doub{BZ) basis Il. ISOLATED NITROGEN
sets for N and H and doubléplus polarizationDZP) for Si
(two sets of valencs andp plus one set ofl’s). The cutoff
radius for Si is just over 3 A meaning that Si atoms farther The stable configuration of ;Nvas obtained by testing
than 6 A do not overlap. In the perfect cell, a Si atomthe tetrahedral and hexagonal interstitial sites, (ite¢axed
overlaps with 46 other Si atoms on five adjacent shells. Thend puckered bond-centeredBC) site Nsc, as well as
cutoff radii for N and H are over 2 A, A 22x2  the split{100) and split{110) configurations. The initial
Monkhorst-Pack’ mesh is used for thé-point sampling.  structures were all subjected to conjugate gradient optimiza-
The dynamical matrices are calculated witk=0  tions until the maximum force component was less than
using linear-response thed®y/This allows the computation 0.01 eV/A.
of the harmonic dynamical matrix of the cell from the The most stable energy structure;(N-ig. 1) is very
derivatives of the density matrix relative to nuclear coordi-close to a split100). Nitrogen binds to three Si atoms
nates. with almost identical N-Si bond lengths: 1.77, 1.78, and

We calculated a number of small molecules containing N1.79 A, respectively. The small differences could be due to
Si, and/or H to test the basis sets and pseudopotentials. bell size effects. These bond lengths are just shorter than the
these tests, the same cutoff radius was used as for the defesttm of the covalent radii of N and Si (1.86 A). The bond
calculations. We find that a DZ basis is sufficient for H andbetween N and the displaced Si atom makes a 15° angle
N. A DZP basis is needed for Si unless it is close te@@  toward(110) (13° has been reported by Gassal.*®). The
(trigonal planay or sp® (tetrahedral hybridization. Our tests three N-Si bond angles are 98°, 125°, and 137°. The sym-
include the N molecule, ammonia (N§J, silane (SiH), metry isCyy, .
and silylamine (HSiINH,). The calculatedmeasureflquan- Of the other structures we tested, onlyNis a local
tities are as follows. For N the N-N bond length is 1.124 A minimum of the energy, 0.48 eV higher than the configura-
(1.0975, Ref. 59and the N-N stretch is 2392 crh (2358, tion described above. This agrees well with 0.5 (&ef. 43
Ref. 60. For NH;, the N-H bond length is 1.011 A1.008, and 0.4 eV(Ref. 39 reported by other authors. Modeling
Ref. 59 and the symmetric N-H stretch is 3461 cM(3337,  studie®*°have suggested thaf I a fast diffuser. Since the
Ref. 60. For SiH,, the Si-H bond length is 1.494 &.474, BC site is along the expected diffusion p&thof N;, the
Ref. 61), the triply degenerate antisymmetric Si-H stretch issmall energy difference we find between the two structures
2252 cm'! (2191, Ref. 60, and the symmetric Si-H stretch supports this conclusion.
is 2180 cm! (2187, Ref. 6Q Finally, in the case of The dynamical matrix yields the LVM's and pLVM'’s as-
H3SiNH,, we found no experimental structural details, butsociated with . The square of the relative amplitudg, of
the calculatedmeasure®) modes are antisymmetric N-H the oscillation of the N atom is plotted as a function of the
stretch, 3592 cm! (3547, symmetric N-H stretch, frequency in Fig. 2top). These amplitudes are normalized.
3479 cm! (3445, and symmetric Si-H stretch, 2181 ¢  Hence, in such a plot, a value close to 1.0 means that only

A. Interstitial nitrogen: N ;

165206-2



STRUCTURAL AND VIBRATIONAL PROPERTIES @& . . . PHYSICAL REVIEW B 69, 165206 (2004

10

" |
Sig,:N, !
|
I ' 873 |
08 I 725
I
|
~ 06 ! 1
= 257 !
o I
< 04 i 1
[
I
02| } .
|
I
00 b—hdbblbld ek L |
0 100 200 300 400 500 600 700 800 900 1000
cm™
1.0 - |
SIM:Ni !
| FIG. 3. (Color online Fraction of the Sj, cell containing
08 r | 7 Ng. The light gray(blue) spheres are Si atoms, the darker gray
{533 (green sphere is N, and the small white ball shows the substitu-
' tional site.
The N-Si wag is buried in the phonon band at 257 ¢pbut
. still shows a substantial degree of localization. The fourth
localized mode, a breathing mode of the three Si NN'’s to N
at 533 cm%, is nearly resonant with thE phonon. Due to
7] the low symmetry of this defec€,, all of these modes are
infrared (IR) active.
| | No experimental frequencies have been positively as-
700 "800 900 1000  signed to N. However, an IR line at 691 cit has

been tentatively assigngtf to it. If this assignment is
correct, the 691 cm' line corresponds to our 725 crh
line. Table | compares our frequencies to those calculated in
Ref. 43.

FIG. 2. Square amplitude of the oscillation of ({bp) and of its
three Si NNs(bottom) as a function of frequencysee text The
dashed line shows the calculatEdohonon.

the N atom oscillates while all the Si atoms are mostly im- B. Substitutional nitrogen: Ny
mobile. A value close to zero means that N remains still The reaction of Nwith a preexistingvacancy leads to
while other atoms in the cell oscillate. The square of thethe formation of N at a gain of 3.55 eV. This is less
amplitude of the oscillation of the three Si NN’s to N is than the formation energy of the vacaney4 eV 83 Thus,
plotted in Fig. 2(bottom. N; should not spontaneously displace a host atom to become
Four modes are associated with the défect. Three of N_. The equilibrium configuration of Nis shown in
them involve substantial oscillations of N and the fourth in-Fig. 3.
volves the oscillation of its three Si NN's. The highest-lying |t is known from EPR dafg'® and numerous
mode, 873 cm’, is the symmetric N-Si stretch. The second- calculation&!232664that N, has Cs, symmetry, and our
highest mode, 725 cnt, is the antisymmetric N-Si stretch. calculations confirm this. N is displaced from the perfect
substitutional site by 0.73 A along the trigonal axis.
TABLE I. Vibrational frequencies (cmt) associated wit#*N;,  The three equivalent N-Si bonds are 1.85 A and the sum
(*®N;) in Si. The mode at 533 cnt does not involve the motion of

the N atom. TABLE Il. Vibrational frequencies (cm') associated witH*N;
(15N,) in Si.
Cin This work Gosset al?
A 873 (850 885 (862 Cyv This work Gosset al? Expt®?
A’ 725 (707 773 (759 E 664 (647 637 (621) 653 (642
A" 533(533 550 (550 A 222 (220
A" 257 (252)

aReference 43.
8Reference 43. bReference 2.
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FIG. 4. (Color onling Fraction of the Sj, atom cell showing the FIG. 5. (Color online Fraction of the S, cell showing the
{N;,I} complex. The light grayblue) spheres are Si atoms, the {N;,N;j} complex. The light grayblue) spheres are Si atoms, the
darker gray spher@green is N, and the small white balls show the darker gray(green spheres are N atoms, and the small white balls
substitutional sites. show the substitutional sites.

of the three Si-N-Si bond angles is almost exactly 360° ._(536 f‘?r N) is qu Symmet”‘istre‘?h of | and the neighbor-
This is a perfect trigonal planar structure, with &2 "9 Sh 147 cm (147 for ™N) is a wag mode, and
hybridized. Its fourth and fifth valence electrons are in213 cm = (213 for ™N) is the twisting mode of the
the 2p, orbital, which points toward the fourth Si NN to quadrangle.

the vacancy. This Si atom _has a single electron in a IV. NITROGEN PAIRS
dangling bond and we find it to be a trap for tdee
below). A. Interstitial-interstitial pair:  {N;,N;}

The dynamical matrix shows two local modes associated Foyr a priori possible{N;,N;} dimers were considered,

with the motion of the N atom: a doubly degenertenode  pyt only one was found to be stable. The interstitial N
(N-Si stretch at 664 cm* and anA; mode at 222 cm'.  molecule centered at the hexagonal interstitial site spontane-
The latter has N moving along tRé11) axis perpendicular ously dissociates. The interstitial,Nnolecule centered at

to the plane defined by the N atom and its three Si NN'’s. Thehe tetrahedral interstitial site and the structure proposed
frequencies are compared to other predictions and experby Steirf (two N's at adjacent puckered BC sijesre 4.63

ment in Table II. and 4.24 eV above the lowest-energy configuration, respec-
tively. The stable structure2 N;,Ni} is the C,p, configura-
C. Ni-self-interstitial pair: {N;,1} tion proposed by Jonest al“° (Fig. 5. Each of the two N

atoms is bound to three Si atoms and shares two of these.
If N; encounters apreexisting Si self-interstitial I, it  These two Siand the two N atoms form a square in{ i)
binds to it and the reaction;M|—{N;,I} releases 1.73 eV. plane. The N atoms are separated by 2.47 A. A population
This complex (Fig. 4 has C; symmetry. Several host analysis shows that there is no covalent overlap between
atoms are displaced from their perfect substitutional sitesthem.
N, I, and two Si NN's form an almost perfectly planar A total of 12 modes are associated wifN;,N;}. The
arrangement. In this quadrangle, the N-Si bond lengthslegrees of localization are shown in Fig. 6: both N atoms
are 1.6 and 1.79 A, and the I-Si bond lengths are 2.3dtop) and their two common Si NN'¢bottom). The frequen-
and 2.36 A. The bond angle between the N and its twceies are compared to other predictibhand experimert in
Si NN's is 103°, the bond angle between | and the samdable Ill. Note that the pairs of modes at 531 chrand at
two Si NN's is 72°, and the two I-Si-N bond angles are 263 cm ! have distinct symmetries. Note also that the mode
93° each. at 252 cm ! exhibits an exceptionally strong localization. It
We identify seven vibrational modes with tha\;,I} corresponds to the two N atoms oscillating in opposite direc-

complex. Three of them are associated with large oscillationgons perpendicular to the plane of the square discussed
of the N atom: 886 cm® (863 for 1°N) is the symmetric above.
Si-N stretch, 765 cm! (746 for °N) is the antisymmetric - o _
Si-N stretch, and 255 cit (251 for 15N) has N moving B. Interstitial-substitutional pair: {N;,Ng
in the (110) direction, perpendicular to the plane defined The interactions ofN;,N;} with a preexisting V or of
by the N and its three NN's. The other modes involveN; with Ng lead to the formation of thgN;,Ng={N,,V}
large oscillations of | and its NN's: 542 cm (540 for  pair. The former reaction releases 1.42 eV and the latter
15N) is the breathing mode of the three Si's, 540C¢m 1.39 eV.
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06 : shows the perfect substitutional site.
=
= 550 We placed a Blmolecule at a vacancy site and performed
<EO-‘I - 253 ! 730 1 a conjugate gradient optimization. The N-N bond lengthens
531} |75 from 1.10 A(triple bond to 1.46 A(single bond, as each N
02 binds to two dangling bonds of the vacancy. The two N’'s
) align along the(100 axis (Fig. 7). The four N-Si bond
lengths are 1.82 A, the two Si-N-Si bond angles are 132°,
0.0 B X A S and the four Si-N-N bond angles are 114°. The symmetry is
0 100 200 300 400 500 600 700 800 800 1000 1100 Dog.

cm Three LVM's and one pLVM associated with the oscilla-

FIG. 6. Square amplitude of the oscillation of both N atoms intlons of the two N atoms are I|§ted n Table IV. One LVM
the{N;,N;} complex(top) and both common Si NN's to the two N’s and one p_L}/l_\/l due to the Si _NN s are in Table IV. 'The mode
(bottom), as a function of frequency. The dashed line shows thet 875 cm = is th% Symmetr'c StretCh. of the tV_Voi 8l The
calculated” phonon. degenerate 773 ¢t mode is the antisymmetric stretch of
Si-N. The mode at 577 cnt is due to both Ns moving in
the same direction along the principal axis of the defect
C, axis of the crystal All four of the Si NN's moving sym-
metrically away from the substitutional site gives rise to the
mode at 461 cm®. Finally, the degenerate 312 crhis the

TABLE lIl. Vibrational frequencies (cm?) associated with the
{¥N;,¥N;} complex in Si. The isotope substitutions are given in the

Appendix. N-Si wag mode.
. a .
Can This work Goseet al. Experiment C. Substitutional-substitutional pair: {Ng, Ng}
Ag 1036 1070.0 If V is a preexisting vacancy, the reactidiN;,Ng +V
By 934 967.8 962.1 —{Ngs,Ng={N,,V,} releases 4.06 eMas compared to
B, 730 772.9 765.6
Ay 705 743.1 TABLE V. \ﬁbrati(_)nal_freque_ncies (cmb) a;sqciated With the_
A 600 {¥N;,¥*Ng complex in Si. The isotope substitutions are given in
g .
A, 550 the Appendix.
By 531 Dyqy This work Gosset al?
B, 531
A, 308 AL 875 1004
Ayg 263 E 773 774
A, 263 B, 577 573
B, 252 Ay 461
E 312
“Reference 43.
bReference 26. *Reference 43.
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FIG. 8. (Color online Fraction of the §j, cell showing
{Ng,Ng. The light gray(blue) spheres are Si atoms, the darker gray ~ FIG. 9. (Color onling Fraction of the §j, atom cell showing the
(green spheres are N atoms, and the small white balls show théowest-energy configuration of thgN;,H} defect. The light gray
perfect substitutional sites. (blue) spheres are Si atoms, the darker gigneern sphere is N, and
the small black sphere is H.

4.07 eV in Ref. 41 and 3.7 eV in Ref. #3The {Ng,Ng} ) ) N ) ]

complex (Fig. 8 resembles two adjacent (Nstructures without generating additional strain. We find that the
with zero overlap between the two N atoms. We findMost stable{N;,N;,H} complex has a binding energy
the N-N internuclear distance to be 3.68 A, somewha@f only 0.38 eV relative to isolatedN;,N;} and Hc. We
longer than other authof&*43Each N is almost perfectly Will therefore focus on the¢N;,H} and {Ns,H} complexes
sp® hybridized and has a filled [ orbital pointing Oy

toward the center of the divacancy. These orbitals repel

each other. The symmetry B34. Each of the six N-Si A {N;,H}

bond lengths is 1.84 A. All six of the Si-N-Si bond angles N; is a strong trap for interstitial hydrogen. The reaction

are 119°. , _ _ N;+Hgc—{N;,H} (where Hy is isolated bond-centered
Two LVM'’s and two pLVM’s are listed in Table V. The hydrogen releases 2.07 eV. We examined s priori

degenerate 670 cni modeﬁl’ilrs] the symmetric N-Si stretch ,oqqiple structures for théN;,H} complex, starting with
and the degenerate 663 cmmode is the antisymmetric N; (see Fig. 1 H antibonding to N, H antibonding to Si,

stretch. The lines at 320 and 284 cinhave the two N's  'yiidging one of the two equivalent N-Si bonds, H bridging
moving perpendicular to the plane formed by N and its three

Si NN’s (similar to the 222 cm! mode of N): the N’s are
moving away from one another (320 cA) or in the same
direction (284 cm?).

V. NITROGEN-HYDROGEN COMPLEXES

The interactions between H and ,N\g and the{N;,N;}
pair have been studied. ThiN;,N;} pair is very stable
and the N atoms are threefold coordinated with short
N-Si bond lengths. This structure is unlikely to trap H

TABLE V. Vibrational frequencies (cm') associated with the
{Ng,Ng} complex in Si. The isotope substitutions are given in the
Appendix.

Daq This work Gosset al?
E, 670 669
Eq 663 667
Aig 320 FIG. 10. (Color online Fraction of the S, cell showing
As 284 {Ng,H}. The light gray(blue) spheres are Si atoms, the darker gray
(green sphere is N, the small black sphere is H, and the white
%Reference 43. sphere shows the perfect substitutional site.
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TABLE V1. Formation energiegeV) relative to the most stable calculated properties of N N, {N;,N;}, {N;,Ng, and

defect{N;,Ni}. {Ns,Ng agree quite well with the recent results of Goss
_ - et al*® except for theA; mode of{N;,Ng which we find to
Defect This work Gosst al. be at 875 cm?® but is given at 1004 cm' in Ref. 43. We
{N;,N} 0.00 0.00 also present here the theoretical predictions for {iNg, I}
{Ng,Ng 0.86 0.79 pair (I is the self-interstitiall _ _
N, NG 1.09 0.99 The formation energies of the various defects considered
N} 1.76 1.83 here are compared to those obtained in Ref. 43 in Table
N 181 1.99 VI. The most stable complex igN;,N;}. We reported above
the binding energies of all the complexes relative to various
aReference 43. dissociation products. In particular, we note tHa,N;}

+V—{N;,Ngt+1.42 eV (V is a preexisting vacangy

the third N-Si bond, H bridging a Si-Si bond with one Si is a rather small binding energy as compared, for example,
adjacent to N, and H at a tetrahedral or hexagonal interstitido V-V interactions® On the other hand, the reaction
site adjacent to N. The lowest-energy structure has N at aN;,Ng+V—{Ng,Ng+4.06 eV is much more energetic,
puckered BC site, with H bound to KFig. 9). The bond and ~4 eV is comparable to the vacancy formation
lengths are N-Si=1.73 A (each and N-H=1.05 A. The energy.
Si-N-Si bond angle is 137°. This complex h@s symmetry. We find a number of N-related modes, in particular,

There are four LVM’s and three pLVM’s associated with several rather strongly localized pLVM’s which are calcu-
the{N;,H} complex. All the modes are IR active @, sym- lated here. The pLVM’s showing up in almost all N-related
metry. The N-H stretch is at 3065 crhand the N-H wag is  defects are in the 220-280 crange and correspond to
at 1160 cm®. The symmetric and antisymmetric N-Si Si-N wag modes. This is most pronounced in the case of the
stretch modes are at 992 and 638 Crrespectively, and the  {N;,N;} pair.

antisymmetric N-H wag is at 319 cm. Finally, two bend- N; and N are traps for hydrogen: M Hgc—{N;,H}
ing N-Si modes are at 205 and 182 th The isotope sub- +2.07 eV and N+ Hgc—{Ng,H}+1.87 eV. These binding
stitutions are tabulated in the Appendix. energies are smaller than those of H-vacancy defects.

Pajot et al*® have reported a mode associated withThe {N;,H} and {Ns,H} complexes have very different
an unspecifiedN,H} complex at 2967 cm! (2197 in deu- Vibrational properties. In particulagN;,H} has a N-H
terated samples This is within 2-3% of our calculated bond with a stretch frequency of 3065 ch while
“N-H stretch mode of{N;,H} at 3065cm?' (2245 the highest-frequency mode ¢Ng, H} is a Si-H stretch
for 1N-D, see the Append)x On the other hand, the at 2024 cmi'. We assign the 2967 cm line seen by
highest-lying LVM in the {Ng,H} complex (see below Pajotet al®® to the {N;,H} pair. The {N;,N;} complex is
is the Si-H stretch at 2024 cm, much lower in frequency. Vvery stable and therefore at best a weak tt@B8 e\j
Therefore, the observed line is most likely associatedorhydrogen.
with {N;,H}. Of all the LVM's calculated here, only eighincluding

isotope substitutionshave been identified experimentally:
B. {N,.H} Six for {N;,N;} (Ref. 28 and two for N..3! Our calculations
) agree to within ~2-3 % for the higher-lying modes

The reaction N+Hgc—{Ns,H} releases 1.87 eV. Four and ~5% for the lower-frequency modes. Four more

structures were studied: H bonding or antibonding to the Sjnodes have been observed and attributed to

carrying the dangling bond, H antibonding to N, andcH N defects.

between the Si with the dangling bond and an adjacent Si. () The !N mode at 691 cm® (!N mode at 674 cm?)
Only one configuration is stable. It has H bound to the dant3s5 been tentatively assigned tg. N'hese frequencies are
gling Si bond(Fig. 10 in the bonding configuration. The ¢lose to our 725 cmt for ¥N; (707 cni'? for ®N;). The
symmetry isCs, , the N-Si bond lengths are 1.85 A, the experimental isotope shift is 17 crh, compared to our cal-
Si-H bond length is 1.53 A, and the separation between Hylated shift of 18 cm?.

and N is 1.90 A. (b) The 2967 cm* line (2197 in deuterated sampjesas

The Si-H stretch A, mode is at 2024 cm*, the Si-N  assigned to 4N, H} complex. It is almost certainly the N-H
stretch(degenerat& mode at 655 cm %, the Si-H wag(de-  stretch of the{N; ,H} complex.

generatE mode at 596 cm ?, and the Si-N wagA,; mode
at 317 cm®. All these modes are IR active. The isotope
substitutions are tabulated in the Appendix. ACKNOWLEDGMENTS
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APPENDIX: ISOTOPIC SUBSTITUTIONS

The following tables(Tables VII-XI) contain the vibra-

PHYSICAL REVIEW B89, 165206 (2004

TABLE IX. Vibrational frequencies (cmt) for N substitu-
tions of {Ng,Ng} complex(Table V).

tional frequencies for the isotope substitution not listed in the Isotopes Symmetry This work
main text.
15N, 5N, E, 652
TABLE VII. Vibrational frequencies (cm?) for >N substitu- D By 647
tions of {N;,N;} complex(Table III). A1g 316
A, 280
Isotopes Symmetry This work Experimént NG, 15N, E 667
N, 1N Aq 1005 Ca AE 2‘1‘2
Con B, 909 936.3 1
B, 714 748.3 Az 282
Aq 688
Aq 598
A, 550
B, 531
By 531
A, 305
Ag 262
A, 260
By 247
NG 19N A 1022
Cin A’ 919 946.9 TABLE X. Vibrational frequencies (cmt) for N and D sub-
A’ 725 758.5 stitutions of{N;,H} complex. The symmetry i€;.
A’ 694
A 599 Isotope This work
A 550 YN H 3065 1160 992 638 319 205 182
A’ 531 UN,,D 2245 1014 818 631 316 205 182
A’ 531 5\,H 3058 1157 968 631 316 204 180
A 307 5,,D 2236 1157 968 631 316 204 180
A’ 262
A" 262
A" 249

%Reference 26.

TABLE VIII. Vibrational frequencies (cm?) for N substitu-
tions of {N;,Ng} complex(Table IV). Note that the two nitrogen

atoms are equivalent.

Isotopes Symmetry This work

15Ni llSNS A]_ 846

Dyqg E 752
B, 568
A 460
El 309 TABLE XI. Vibrational frequencies (cmt') for *N and D sub-

14N, 19N, A, 861 stitutions of{Ng,H} complex. The symmetry i€, .

C B, 771

v Isotope A E E A

B, 753
A, 572 NG, H 2024 655 596 317
A, 461 ¥N,,D 1436 648 515 315
B; 312 N, H 1992 632 570 312
B, 310 5Ng, D 1436 632 515 311
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