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First-principles calculation of the interaction between nitrogen atoms and vacancies in silicon
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Stability of several states of nitrogen in silicon were investigated by the first-principles calculation. A single
nitrogen at a split interstitial site and bond center site is more stable than that at a tetrahedral and hexagonal
site. A nitrogen pair is more stable than the single nitrogen at the split interstitial site by 4.3 eV, which
indicates that the nitrogen pair exists even near the melting temperature of silicon. Binding energy between the
nitrogen pair and two vacancies indicates that a complex consisting of the nitrogen pair and two vacancies can
exist at the temperature of the void aggregation as far as considering thermal equilibrium. Formation of the
complex can affect the concentration or the diffusibility of the vacancy.

[. INTRODUCTION which can be a key to understanding the relation between the
nitrogen doping and the void aggregation.
In Czochralski-grown (CZ) silicon single-crystal

grown-in defect was found to exist by observation of the
void with a shape of an octahedrbithe grown-in defect is Il. CALCULATIONAL DETAILS
known to affect the gate oxide reliabilifyTherefore, it is ) )
important to control the number and the size of the grown-in "€ cal_culgtﬂ)ns were based on the local-density
defect in the process of silicon wafer making. Recently ni-2Pproximatiori* We adopted the pseudopotentidP
trogen was found to be an effective dopant for reducing thénethod and Used the plane waves as a baS|S set for eff|C|ent
size of the void®* Thus, much attention has been paid to thestructure optimization. We found that the cutoff energies of
effects of nitrogen doping on the CZ silicon single crystal25 Ry and 400 Ry are sufficient for the wave functions and
and the mechanism of the effects. It is possible to consideior the augmented electron densities, respectively. phe
some mechanisms for simultaneous occurrence of the redugtate of N was treated by the Vanderbilt's ultrasoft (Refs.
tion of the size of the void and the increase of the number oft5 and 16 and the other states by the normconserving PP
voids. Two possible mechanisms are that the nitrogen praPtimized by Troullier and Martins’ prescriptidA.For the
motes reduction of content or mobility of the vacancy at highexchange-correlation energy in the generalized gradient ap-
temperatures above the temperature of the void aggregatioRroximation, the expression proposed by Pereewal.® was
Another possible mechanism is that nitrogen becomes Hsed. Structural Optimization was performed for a unit cell of
nucleation center for the void. One more mechanism is tha4 silicon atoms with nitrogen atoms and/or vacancies by
nitrogen suppresses growth of the void. The void aggregatioHsing thel” point for the Brillouin-zone sampling. The con-
was found to occur at a lower temperature by the nitrogeryergence criterion for forces acting on each atom is 0.05
doping?’Y6 This experimenta] result indicates that nitrogen eV/A . Since the accuracy of the calculation is not enOUgh to
cannot be the nucleation center for the void, because thallow discussion of the stability of the charge states, a unit
mechanism Shou'd make the temperature Of the Void aggréle” Of 216 Silicon atoms was Used fOI’ the e|ectl’0niC structure
gation higher. It has not been clear, however, which is thé@ptimization by using thd’ point for the Brillouin-zone
dominant mechanism in the remaining above three possibilisampling. For this calculation the optimized structure using

ties. the unit cell of 64 silicon atoms is employed as the atomic
Up to now the electronic structures of a substitutionaICOﬂf'QUWJ}'UOn around the nltrogen' atoms and/or vacancies.
nitrogerf~® and a nitrogen pai? have been studied. How-  Energies for charge states defined as

ever, the stability of variety of nitrogen configurations in

silicon has not been investigated, except for the calculations

of small clusters?! Thus, the first-principles electronic struc- E(Q)=Eior+ Q(ue+ED), (1)

ture calculations were performed to give some information

for clarification of the mechanism of the effect of nitrogen.

First, a local structure and an electronic structure of a singl&vhere. is the electron chemical potential aff is the top
nitrogen at some interstitial sites and the substitutional sit@f the valence-band energy, were calculated for a variety of
were studied. Second, electronic and structural properties gharge stateQ(=0,+=1,=2). The zero ofu, is defined as

the nitrogen pair proposed by Jones anoef were calcu- EUQ. Since the calculation of the charge states consumes
lated. Existence of the nitrogen pair was proved by the isocomputational time, the charge stat@s- +1,=2 are calcu-
tope effect of the infrared spectruthThe purpose of these lated only for the systems with unoccupied shallow single-
calculations was to compare the stability of the single nitro-electron levels or occupied deep single-electron levels in the
gen with that of the nitrogen pair. After that, we will show energy gap. This is because the negative and positive charge
the interaction between the nitrogen pair and the vacanciestates are expected to be stabilized for the systems with un-
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TABLE |I. Calculated total energies oE[Si\N,]—xE[Si]
—YyE[N] for the neutral charge state, whel¢Si|=E[ Si,;¢|/216

Shyye 0.00

Siyys 3.47

Siy- 3.60

Si,, N (S site) 2.15

SiyN (B site) 2.26

Sip1eN (H site) 3.73

Siy N (T site) 4.80

SiyeN 1.74

FIG. 1. The ideal interstitial sites in the diamond structure, i.e., Sk, 0.00
theB, S, H, andT sites, are shown. Open and closed circles denote Sip1sN; 2.33
silicon and nitrogen atoms, respectively. SizdN 1.26

occupied single-electron levels near the top of the valence _ _ _ _
band and with deep occupied single-electron levels in théocal atomic configuration as shown in Table Il. For tBe

energy gap, respectively. site the angle of $1)-X-Si(2) of nitrogen is smaller than that
of oxygen by 26° and for th& site the angle of $1)-X-Si(2)
IIl. RESULTS AND DISCUSSION of nitrogen is Iarger than that of oxygen. These differences
between the local atomic configuration around the impurity
A. Interstitial nitrogen of nitrogen and that of oxygen imply that the distance be-

The electronic structure, the atomic structure and the staWeen theB and Ssites is shorter for nitrogen than that for
bility of nitrogen located at a bond centé®) site, split in- ~ 0Xygen. The activation energy of the diffusion of the nitro-
terstitial (S site, hexagonalH) site, and tetrahedrall) site ~ 9€n is experimentally obtained as 2.8 %_3\/5[”06 this acti-
in silicon were investigated. These interstitial sites in thevation energy is not smaller than the activation energy of the
diamond structure are shown in Fig. 1. The idBaiite is too ~ 0Xygen diffusion, we can speculate that the single interstitial
tight to allow introduction of the nitrogen atom, therefore anitrogen is not the dominant form of the nitrogen in silicon.
bond length between first neighbor silicon atof8i1) and  \We will discuss the dominant form of nitrogen later.

Si(2) in Fig. 1] and the nitrogen atom is elongated by 0.5 A. The stability of the charge states of the interstitial nitro-
For theS site the structural optimization elongates the bondden was examined. The charge states otttendT sites are
length of S{1)-N by about 0.4 A, while $2)-N bond under- still more unstable than those of tliRand S sites, so the
goes shrinkage by 0.1 A. In contrast to tBeand B sites, results are presented only for tlieand S sites. Figure 2
bond lengths between the nitrogen atom and first neighbothows the calculated relative energy of the charge states for
silicon atoms shrink by 0.4 A for th& site. However, these theB andSsites measured based on the energy of the neutral
bond lengths are still longer than the bond lengths betweefharge state of th& site. As for theS site, the charge state
the nitrogen atom and the first neighbor silicon atoms for thé? =+ 1 is more stable than the other charge states when the
B and S sites. For theH site, bond lengths between the ni- chemical potential is below the center of the energy gap,
trogen atom and first neighbor silicon atoms shrink by onlywhile for the B site there is no chemical potential region
0.03 A. where the charge sta@= +1 is stable, and the charge state

The calculated total energies for the neutral charge stat®=—1 is stabilized instead. The stability of the charge
are summarized in Table I. The interstitial nitrogen atEhe States is closely related to the position of the single-electron
and S sites are much more stable than those atHhend T~ level in the energy gap. Both for t and S sites, single-
sites. The energy difference between Beand S sites is ~ €lectron levels appear in the energy gap. ForSteite, the
comparable to an error in the computation. To compare théingle-electron level is located in the middle of the energy
interstitial nitrogen with the interstitial oxygen, the total-
energies and the atomic structures for the interstitial oxygen TABLE II. Local atomic configuration around impurity X, i.e
at theB ar}?Ssnes were also caIcuIatet_d. Thef calculated total—nitrogen and oxygen. ) and S(2) denote the neighboring two
energy _d' erence betw_een tlﬁbangiz? sites of about :_L'8 _eV silicon atoms of the impurity as shown in Fig. 1
is consistent with previous worR=2! Though theS site is

not the exact transition state of the oxygen diffusiéithe Impurity Nitrogen Oxygen
energy difference between thHB and S sites is accurate

enough to allow a rough estimation of the activation energy B site S(1)-Si(2) 3.05 A 321A
of the oxygen diffusion. In contrast to the oxygen, the total- Si(1)-X 1.69 A 1.64 A
energy difference between tlBeandSsites is quite small for £ Si(1)-X-Si(2) 129° 155°
nitrogen as mentioned above. It seems reasonable to suppos8 site S(1)-Si(2) 2.76 A 2.74 A
that the interstitial nitrogen diffuses much faster than the Si(1)-X 1.73 A 1.71 A
interstitial oxygen, if the diffusion path of nitrogen is the Si(2)-X 1.81 A 1.97 A
same as that of oxygen. This difference between the activa- / Si(1)-X-Si(2) 102° 96°

tion energy of oxygen and that of nitrogen is related to the
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Ev Ec open and closed circles denote silicon and nitrogen atoms, respec-

tively. The arrow indicates the direction of the nitrogen displace-
FIG. 2. Energy of the various charge states of the interstitialpent, j.e.(111).
nitrogen (Sj;gN) at theSandB sites measured based on the energy
of the neutral charge state of tBesite as a function of the electron
chemical potential. Eand E denote the top of the valence band
and bottom of the conduction band, respectively. The vertical-soli
line indicates the center of the energy gap.

The occupation of the single-electron level in the energy
ap changes from 0 to 2 for the change of the charge state
rom Q=+1 to Q=—1. The bond lengths of &i)-N for

the energy minimum of the off-center nitrogen are 3.31,
, ) 3.19, and 3.10 A for the charge states@# +1, 0, and
gap and has a nonbonding character, which means thatﬁly respectively. The bond angles of N&BiSi(3) and
silicon dangling bond is elongated opposite to nitrogen,Si(3)_5i(1)_5i(3) become larger by 5.7° and smaller by 4.6°,
therefore it is preferable that the level not be occupied. Or}espectively, as the charge state changes f@pm+1 to Q
the other hand, for th® site, the single-electron level is _ _ 1 o {he other hand, the bond length of25iN and the

located just above t_he top of the valencg band, so the IeV%{ngIes of Si1)-N-Si(2) and Si{2)-N-Si(2) do not change so
prefers to be occupied. As temperature increases, the Fermyj . for all the charge states. The bond length (SN is

level approaches the intrinsic Fermi level, i.e., center of the_L86 A, which is much shorter than that of(BiN. The

energy gap. In Fig. 2 a vertical-solid line indicates the intrin'angles of Si1)-N-Si(2) and S{2)-N-Si(2) are 93.9° and
sic Fermi level. The stable states of the interstitial nitrogenllg_5° respectively, which means that the nitrogen atom and
are the neutral charge state of tBesite and the negative the 5(2’) are almost ,on the same plane.
charge state of thB site at high temperatures. The charge state dependence on the local structure can be
understood as follows. The off-center nitrogen has an
B. Substitutional nitrogen sp?-like electronic configuration for all the charge states,
while the on-center nitrogen has ap® character. These are
surmised by the local atomic structure around nitrogen, es-
Becially the flat atomic configuration of the off-center nitro-
en and three 8) atoms. Furthermore, a rapid shift up of

The off-center substitutional nitrogen was found to be
more stable than the on-center substitutional nitrogen by th
electron-spin resonance stutf?® The energy difference be-

cally by vqr_ymg;_he dlssplahceme?]t of n||trogen fronl\;;the On'configuration to a higher lying state. It indicates that the
center position. Figure 3 shows the total energy @f$as a  jteraction between the nitrogen and1iis rather small.

function of nitrogen displacement td11) direction, which  Assuming that the interaction between nitrogen and)Ss

is measured from the total energy of the on-center nitrogemegligibly small, structural optimization of a cluster of,8j

for each charge state. The on-center nitrogen is metastabl@as performed by the molecular-orbital metjodussiangs

and the energy minirﬂjr_n of the off-center nitrogen is locatedyith basis set of 6-31G (d,p) and hybrid functional of

at about 0.67 A in ¢111) direction for the charge states of B3LYP]. The four silicon atoms correspond to one1$i
Q=0 and*= 1. The energy difference between the on-centeatom and three £) atoms. The hydrogen atoms are bonded
and off-center nitrogen is calculated to be 0.09 eV for theto Si(3) atoms and fixed at the position of the ideal diamond
neutral charge state. This agrees well with the experimentallgtructure. The result of the cluster calculation shows that the
obtained value of 0.07 e¥. The energy barrier for the re- bond angles, which correspond to(3iSi(1)-Si(3) and
orientation among four equivalent off-center sites of 0.14 eW-Si(1)-Si(3) in Fig. 3, become smaller and larger, respec-
is also in good agreement with the experimental value ofively, as the charge state changes frogm +1 to Q= —1.
0.11 ev?* These are the same tendency, with the charge state depen-
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FIG. 4. Energy of the various charge states of the substitutional
nitrogen (Sj;sN) measured based on the energy of the neutral
charge state as a function of the electron chemical potentjani
E. denote the top of the valence band and bottom of the conduction
band, respectively. The vertical-solid line indicates the center of the

FIG. 5. Structure of the nitrogen paii) is the ideal diamond
energy gap. structure. Two nitrogen atoms are placed at the id&site in the
ideal diamond structure. The structures with two nitrogen atoms
dence on the angles of(8)-Si(1)-Si(3) and N-S{1)-Si(3) as  before and after the structure optimization are showtbjrand (c),
calculated for SiN. Moreover, the relation between the respectively. Open and closed circles denote silicon and nitrogen
charge state and the local atomic configuration of the silicoratoms, respectively.
(111) surface presented by Harrig8ns the same as our
results qualitatively. Thus, the elongation of the(15N  This energy indicates the possibility of occurrence of this
bond for a more negatively charged state can be explained asaction near the melting temperature. These calculated re-
follows. The single-electron level in the energy gap has asults imply that the creation and annihilation of the substitu-
character of a dangling bond of($). A repulsive interaction tional nitrogen occur through the annihilation of the vacancy
between the dangling bond and the bonding charge @)-Si and interstitial silicon. If the content of the vacancy and the
Si(3) makes the bond angle of N{3)-Si(3) larger as the interstitial silicon is comparable to that of the nitrogen near
occupation of the dangling-bond state increases, which shorthe melting temperature, the vacancy and the interstitial sili-
ens the bond length of &@)—N. con will be significantly reduced. However, it is impossible
The energies of the charge states@¥0,-1,=2 are to judge whether this mechanism has a major effect on the
shown as a function of the electron chemical potential in Figconcentration of the vacancy and the interstitial silicon, be-
4. This figure indicates that the charge state®Qef0 and cause the content of the vacancy and the interstitial silicon is
—1 are more stable than the other states at high temperaturesot known exactly at high temperatures.
Stability of the substitutional nitrogen is estimated by the

following expression: C. Nitrogen pair

_ . . . . Nitrogen is expected to exist in a pair because of the
Er={E[Si1gN]+ E[ Sip16l} ~{E[ SizsdN]+ E[ Sizasl} isotope effect of the infrared spectrdfiThe structure of the
=-3.88 eV. (2)  nitrogen pair was proposed by usia initio local-density
functional calculations on up to 88 atom H-terminated clus-

This binding energy of the interstitial nitrogen with the va- €'S: %S|44H4_2' We opt|m||zed tge Io;:]al at_orrr:;)c ;tr_ucture
cancy indicates that the substitutional nitrogen can exist ned"0und two nitrogen atoms located at the neighbosisges,

the melting temperature. However, the observed substit@"d the cr;t]lculated strgctt)ure, shovx_/_rdlu;}n FighS’ s alm?]stl the
tional nitrogen is less than 10% of the total amount of im-S&Me as that proposed by Jones aime. There is a shal-

planted nitroger* Moreover, only less than 1% of doped low single-electron level in the energy gap. Since the level is

nitrogen atoms contribute to the electronic properties for thdUlly occupied, it can be expected that the neutral charge
sample grown by the float-zone methddalthough the sub- state is the most stable among various charge states of the
stitutional nitrogen is expected to affect the electronic prop-nltrogen pclaur.hStablhty of t?ehnlt_r ogen_pallr pompared SYI’]VIth
erties. Thus the experimental observation and the theoreticél'l‘e neutral charge state of the interstitial nitrogen at she

estimation appear to contradict each other. In order to over3t®: Which is expected to be the most stable state at high

come this contradiction we considered the reaction that ni'gemperatures, is evaluated by the binding energy of the ni-

trogen is ejected from the substitutional site by the interstitiaf ©9€N Pair,

silicon. The kickout energy of the substitutional nitrogen by . . . :

the interstitial silicon is obtained as, Er={E[Siz1eNo]+ E[ Sipael} ~{E[ Stz dN]+ E[ Sizg NI}
=—4.3 eV. (4)

Er={E[Si +E[Si —{E[Si +E[Si
F = {ELSt1dN]+ B Sorgl} ~ {E[ StrsN] + E[ Shrl} The ratio of the nitrogen pair to the total number of nitrogen
=—-3.19 eV. (3 is estimated as a function of temperature by considering only
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TABLE lll. Changes of enthalpie(E), entropies AS), and 1.0 T T T T T
free energies{F) for each reaction at the melting temperature of L J
silicon. 1.0<10'® and 2.0x 10'%atoms/cm are employed for the 08 - \\\ |
concentration of vacancy and nitrogen, respectively. | \ 1

-

AE (V)  TAS(eV) AF (eV) = 06 - \\ \\ 7
2N, —N, ~4.30 2.84 -7.14 z 0.4 | concentration \ |
Np+V— N,V —-1.14 9.9%10*  —9.99x 10* ' 1.0x10™
N,+2V—N,V, ~5.69 7.30 -12.99 [ ——- 1.0x10"® \ 1

02 = —--- 1.0x10"® N, .
atomic configurational entropy. Bitl et al. found that the 0.0 1 1 1 fosbco
contribution of the configurational entropy to each of the 0 1000 2000 3000 4000
total formation entropies for the vacancy and interstitial sili- Temperature (°C)

con is about Og‘e'th"d and the rest is att_ributed to the vibra- FIG. 6. Ratio of nitrogen pair to total number of nitrogen as a
tlonal ent.rppyz.. _In contrast to the' formation of the vacancy gnction of temperature for various nitrogen concentrations. The
or interstitial S!|ICOH, however, it is expected that the \_/lbra—unit of the concentration of nitrogen is in atomsftm

tional entropy is not changed very much by the formation of

the nitrogen pair from the interstitial nitrogen. Thus we as- )
sume that the dominant contribution to the entropy is the2ngle and the bond length are larger than those of the single
configurational entropy. A change of free energy for thenitrogen at theB site. This is because the bond lengths of
transformation from the interstitial nitrogen No the nitro- ~ Si-N(1) shrink 0.2 A more than neighboring Si-Si for the

gen pair (N) is evaluated as follows, single nitrogen at th® site. In the other case nitrogen atoms
form a N, moleculelike structure at a vacancy siteig.
AF=aNyE—TAS, (50  7(b)], although we do not know a process for forming this
structure. In this case the bond length of Si-N is almost the
N,! same as the shorter Si-N bond length for the substitutional
AS=kgln (Ny—aNy) (N, — Ny+aNy)! nitrogen, and the distance between two nitrogen atoms be-
N N b N comes 1.44 A, which is much longer than that of the N
(Ny—aNy)! molecule, i.e., 1.1 A. As for the former case, an occupied
(aNy)!(Ny—2aNy)! |’ ©) deep single-electron level exists in the energy gap. Thus the

. ) o stability of the several charge states was examined. The cal-
where N, is the number of interstitial sites in silicon, and cylated results show that the neutral charge state is the most
Ny, (1-2a)Ny, andaNy are the numbers of the nitrogen, staple at high temperaturégig. 8. The neutral charge state
isolated nitrogen and nitrogen pair, respectively. Thejs expected to be the most stable state also for the latter case,
changes of enthalpy, entropy, and free energy for the transince deep single-electron levels are not occupied. The sta-

formation of 2N— N at the melting temperature of silicon pjlity of the complex of the nitrogen pair and the monova-
are shown in Table III. It indicates that the ratio of the nitro- cancy (NV) is estimated as,

gen pair to the total number of nitrogen changes around the
melting temperature of silicon, because thié andTAS are

the same order. The ratio of the nitrogen pair to the total E.={E[SiydN,]+ E[Siyal} —{E[ SiydNo ]+ E[ Sipsc]}-
number of nitrogen is obtained by minimizing the change of (7)
free energy of Eq(5) with respect toa. It is shown as a
function of temperature in Fig. 6. This figure indicates that
most of the nitrogen atoms form the nitrogen pair even near
the melting temperature of silicon. We mentioned above that
the dominant form of the nitrogen is not the interstitial nitro-
gen because of the discrepancy between the diffusion con-
stant obtained by theory and that obtained by experiment.
The result, finding that the nitrogen pair is the dominant form
of the nitrogen, is consistent with the above discussion.

D. Interaction between nitrogen pair and vacancies

We considered two cases regarding the interaction be-
tween the nitrogen pair and a monovacancy. In one case a
monovacancy approaches the nitrogen pair and is substituted g, 7. Complexes consisting of two nitrogen atoms and a
for the silicon atom that bridges between two nitrogen atomsmonovacancy(a) One nitrogen is located at the substitutional site
In this case one nitrogen atom moves to the vacancy siteN(1)], while the other nitrogen atom is at th& site [N(2)]. (b)
[N(1)] and the other nitrogen atom moves to the bond centeKiitrogen atoms form an Nmoleculelike structure at a vacancy site.
site[N(2)] as shown in Fig. @&. The angle of Si-N2)-Siis  Open and closed circles denote silicon and nitrogen atoms, respec-
143° and the bond length of SiR) is 1.07 A. Both the tively.
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. FIG. 10. Structure of the JV/,. Nitrogen atoms are substituted
~ FIG. 8. Energy of the various charge states of the complex confor the two neighboring sites of silicon. Open and closed circles
sisting of the substitutional nitrogen and the interstitial nitrogen atgenote silicon and nitrogen atoms, respectively.
the B site measured based on the energy of the neutral charge state

as a function of the electron chemical potential, &d E denote Ng!

the top of the valence band and bottom of the conduction band, AS= kB'”[—
respectively. The vertical-solid line indicates the center of the en- Nn!(Ns—Ny)!
ergy gap- (Ns—Ny)!

X
ind . , o Ng—Ny—(1—-a)V}H{(1—-a)V}H
The binding energies of the nitrogen pair with the vacancy {Ns—Ny I }

Er are—1.14 eV and-1.29 eV for the above two types of « Ny!
complexes. The complex with the substitutional nitrogen (Ny—aV)l(av)! ]’
atom and the interstitial nitrogen atom at tBesite is less

C)

stable than that with the Nmolecule-like structure at the vv_hereNs |s.the. number of .SI|ICOH sitefy is the ”“”.‘ber .Of
vacancy site. A concentration of,M is obtained as a func- nitrogen pair sites, (% a)V is the number of vacancies with-
y j 2 out a nitrogen pair, andV is the number of BV. In this

tion of temperature for various vacancy and nitrogen Con'calculation, the binding energy of the complex with the sub-

tents as shown in Fig. 9. The concentration is obtained byt tional nitrogen atom and the interstitial nitrogen atom at
minimizing the following change of free energy with respect . g site is employed, since the formation process of the N

to the number of BV, moleculelike structure is unknown. The changes of enthalpy,
entropy, and free energy for the reaction gff\v— N,V at
the melting temperature of silicon are shown in Table IlI. It
AF=aVE:-—TAS, (8 indicates that the )V is not a dominant form of the vacancy
around the melting temperature of silicon, becauseTth&
is much larger tharh E. Figure 9 shows that the temperature

10° fp——=_ T where 1% of vacancies are trapped at the nitrogen pair is
o ———"TT \‘:\ lower than 1000 °C even though the concentration of nitro-
107 T —— gen is higher than the maximum solid solubility of 5
© N T—Trmm--- X 10' atoms/cr. In the entropy contributiofEq. 9 to the
~ 10 —C,=1.0x10 free energy only the configurational entropy is considered.
e [ o e —— Since the vacancy disappears in the reaction of Eq. 7, how-
i’« of T T T T ever, the contribution of the vibrational entropy should not
= w ——=~o be neglected. In Ref. 28 the vibrational entropy of the va-
s 10 N . cancy obtained iskg . When the vibrational entropy ofik4
_§ 10° - NI~ - for the vacancy annihilation is added in Ef), the tempera-
g 10° ¢ -1.0x10" e ture where the vacancies are trapped at the nitrogen pair
8 108 R T decregses by about 100°.C. It is suggested that either the
§ S —— reduct|0|_'1 of Fhe concentration of the vacancy or the decrgase
10° | — C.o20x10™ ] of the dlff_usmn constant of the vacancy is the mec;hamsm
10™ cee= C —2.0x10" that explains the reduction of the void size and the increase
10" S e ——- C:=2.0x10‘6_ in the number of voids as mentioned above. For both of the
0 NS s T~ —— above suggested mechanisms a large part of the vacancies
107 FC,=1.0x10 eI are needed to interact with the nitrogen pair, if tha/Nplay
10° a— '5(')0' L '10'00' -y a role in the mechanisms. The binding energy of th&/ N

complex indicates, however, that thg\Nis not stable at the
temperature of the void aggregation.

FIG. 9. Concentration of B as a function of temperature for We considered a complex where one more vacancy is
various vacancy and nitrogen concentrations. The unit of the conadded to the above mentioned\W In this case a vacancy is
centrations of vacancies and nitrogen is in atomé/cm substituted for the silicon atom next to the nitrogen atom at

Temperature (°C)



PRB 62 FIRST-PRINCIPLES CALCULATION OF THE ... 1857

the B site, and the nitrogen atom moves from the B site to Er={E[Sip1AN,]+ E[ Sip16]} — {E[ Sip1N, ] + E[ Sipq5]}
the substitutional site. As a result, two neighboring sites of

silicon are occupied by the nitrogen atoms,{), as shown =—4.55 eV. (10
in Fig. 10. The bond lengths of three Si-N bonds are almost
the same as the shorter bond length of the substitutional ”bonsidering the formation of the N, the change of free

trogen. The neutral charge state is expected to be the moghergy of Eqs(8) and (9) are modified as follows,
stable state, since deep single-electron levels are not occu-

pied. The binding energy of adding the monovacancy to the
N,V is obtained as, AF=aVE,+bVE,—TAS, (17

NSI (NS_NN)I NN'

AS=KelN) § T(Ng— Ny “TNa—Ny—(1—a-b)VH{(1-a-b)V}l (Ny—aV)!(bV)I{(a—b)V} |

(12

wherebV is the number of vacancies that are trapped at thend(10), the vibrational entropy is not negligible. Therefore,
N,V. E, and E, are the binding energies of Eq&’) and  the contribution of the vibrational entropy is estimated in the
(10), respectively. The changes of enthalpy, entropy, andame manner as that of theWformation. The vibrational
free energy for the reaction of N-2V—N,V, at the melt- entropy decreases the temperature of the formation of the
ing temperature of silicon are shown in Table Ill. It indicatesN,V, by about 200 °C. This indicates that most of the nitro-
that the number of BV, changes around the melting tem- gen pairs interact with the vacancies and change into the
perature of silicon, because teE and TAS are the same N,V at temperatures higher than 1100 °C in the silicon con-
order. The concentrations of vacancies that form th® N taining more vacancies than nitrogen atoms. This can be the
and NV, are obtained by minimizing the change of free mechanism for reducing the number or the diffusibility of the
energy with respect ta andb for various concentrations of vacancies. On the contrary, the\W, can change to the ni-
vacancy and nitrogen. In Fig. 11 the thin and thick linestrogen pair by introducing the interstitial silicon, as the bind-
denote the concentrations of vacancies contained in ghe N ing energy of the BV, with the two interstitial silicon is,
and N,V,, respectively. The vacancies in thg\Nare very i i i )
little and are reduced as the temperature decreases. The cfr={E[SkagN2]+2X E[ Sipaq]} —{E[ Sip1aNo ]+ 2E[ Sip17]}
centration of vacancies contained in thg\N becomes the —_845 eV. (13)
concentration of nitrogen pair at least 1300 °C. Since two
vacancies disappear for the formation ofWy in Egs. (7) If this reaction occurs frequently near the melting tempera-
ture, the concentration of the vacancies and the interstitial

10" silicon should be much reduced. However, it is unknown
10" whether the reaction determines the concentration of the va-
10" cancies and the interstitial silicon as discussed for the substi-
10" tutional nitrogen, since the exact content of the vacancies
"’g 10° and the interstitial silicon is not known near the melting tem-
- 10 perature. Furthermore, this reaction needs to pass through the
§ I intermediate state, i.e.,,N. The binding energy of the in-
8 12,4 termediate state is expressed by the following equation:
©
Z 12 . . . .
S 13,0 Er={E[Siz1sNo]+ E[Siz16l} —{E[ SizaNo]+ E[ Sip17]}
S
T 10° =—-2.52 eV. (14
e 6
§ 10 This binding energy is not negatively large enough to go
S 1013 G2 0x10™ through the intermediate state near the melting temperature.
1012 . CN;2:0X1015 It is necessary to consider not only the thermal equilibrium
1010 { ——- o:=2.0x1o‘6 but also the dynamical effect on the stability among the ni-
10 . trogen pair, NV and N,V,, in the process of silicon crystal
10 | growth.
10 1 Il L L 1 1 1 'l
1000 1500 2000
Temperature (°C) IV. SUMMARY
FIG. 11. Concentration of vacancies that form thgVNand The stability of several states of nitrogen were investi-

N,V for various vacancy and nitrogen concentrations. The thin an@jated by the first-principles electronic structure calculation.
thick lines denote the concentrations of vacancies contained in thAs for the interstitial nitrogen, th& and B sites are much
N,V and N,V,, respectively. The unit of the concentrations of va- more stable than thél and T sites. The total energies of
cancies and nitrogen is in atomsf&m nitrogen at theS andB sites are almost the same. This con-
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trasts with the interstitial oxygen that has a total energy difN,V complexes indicate that the,N is not stable at the
ference of 1.8 eV between ti®andB sites. If the interstitial temperature of the void aggregation. When one more va-
nitrogen exists dominantly, it can diffuse faster than oxygencancy is added to the ;N complex, two nitrogen atoms are
since the energy difference is considered to be the activatiogcated at the substitutional sites. Since the binding energy of
energy of diffusion. The substitutional nitrogen is found tothe N,V, is —5.69 eV, the NV, can exist at the tempera-
be stable, which is contrary to the finding of the experimentatyre of the void aggregation as far as considering static equi-
observation. This discrepancy may be explained by the faqfprium. The formation of the B\, can affect the concentra-
that the substitutional nitrogen moves to the interstitial siteion or the diffusibility of the vacancies.

if the interstitial silicon exists. The nitrogen pair is more

stable than the single nitrogen at an interstitial site by 4.3 eV,

which indicates that the nitrogen pair exists even near the ACKNOWLEDGMENTS
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