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First-principles calculation of the interaction between nitrogen atoms and vacancies in silicon

H. Sawada and K. Kawakami
Advanced Technology Research Laboratories, Nippon Steel Corporation, 20-1 Shintomi, Futtsu, Chiba 293-8511, Japan

~Received 27 December 1999; revised manuscript received 3 April 2000!

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.
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I. INTRODUCTION

In Czochralski-grown ~CZ! silicon single-crystal
grown-in defect was found to exist by observation of t
void with a shape of an octahedron.1 The grown-in defect is
known to affect the gate oxide reliability.2 Therefore, it is
important to control the number and the size of the grown
defect in the process of silicon wafer making. Recently
trogen was found to be an effective dopant for reducing
size of the void.3,4 Thus, much attention has been paid to t
effects of nitrogen doping on the CZ silicon single crys
and the mechanism of the effects. It is possible to cons
some mechanisms for simultaneous occurrence of the re
tion of the size of the void and the increase of the numbe
voids. Two possible mechanisms are that the nitrogen p
motes reduction of content or mobility of the vacancy at h
temperatures above the temperature of the void aggrega
Another possible mechanism is that nitrogen become
nucleation center for the void. One more mechanism is
nitrogen suppresses growth of the void. The void aggrega
was found to occur at a lower temperature by the nitrog
doping.5,6 This experimental result indicates that nitrog
cannot be the nucleation center for the void, because
mechanism should make the temperature of the void ag
gation higher. It has not been clear, however, which is
dominant mechanism in the remaining above three possi
ties.

Up to now the electronic structures of a substitution
nitrogen7–9 and a nitrogen pair10 have been studied. How
ever, the stability of variety of nitrogen configurations
silicon has not been investigated, except for the calculati
of small clusters.11 Thus, the first-principles electronic struc
ture calculations were performed to give some informat
for clarification of the mechanism of the effect of nitroge
First, a local structure and an electronic structure of a sin
nitrogen at some interstitial sites and the substitutional
were studied. Second, electronic and structural propertie
the nitrogen pair proposed by Jones and O¨ berg were calcu-
lated. Existence of the nitrogen pair was proved by the i
tope effect of the infrared spectrum.12 The purpose of these
calculations was to compare the stability of the single nit
gen with that of the nitrogen pair. After that, we will sho
the interaction between the nitrogen pair and the vacanc
PRB 620163-1829/2000/62~3!/1851~8!/$15.00
n
-
e

l
er
c-
f

o-

n.
a

at
n
n

he
e-
e
li-

l

s

n
.
le
te
of

-

-

s,

which can be a key to understanding the relation between
nitrogen doping and the void aggregation.

II. CALCULATIONAL DETAILS

The calculations were based on the local-dens
approximation.13,14 We adopted the pseudopotential~PP!
method and used the plane waves as a basis set for effi
structure optimization. We found that the cutoff energies
25 Ry and 400 Ry are sufficient for the wave functions a
for the augmented electron densities, respectively. Thp
state of N was treated by the Vanderbilt’s ultrasoft PP~Refs.
15 and 16! and the other states by the normconserving
optimized by Troullier and Martins’ prescription.17 For the
exchange-correlation energy in the generalized gradient
proximation, the expression proposed by Perdewet al.18 was
used. Structural optimization was performed for a unit cell
64 silicon atoms with nitrogen atoms and/or vacancies
using theG point for the Brillouin-zone sampling. The con
vergence criterion for forces acting on each atom is 0
eV/Å . Since the accuracy of the calculation is not enough
allow discussion of the stability of the charge states, a u
cell of 216 silicon atoms was used for the electronic struct
optimization by using theG point for the Brillouin-zone
sampling. For this calculation the optimized structure us
the unit cell of 64 silicon atoms is employed as the atom
configuration around the nitrogen atoms and/or vacancie

Energies for charge states defined as

E~Q!5Etot1Q~me1Ev
Q!, ~1!

whereme is the electron chemical potential andEv
Q is the top

of the valence-band energy, were calculated for a variety
charge statesQ(50,61,62). The zero ofme is defined as
Ev

Q . Since the calculation of the charge states consum
computational time, the charge statesQ561,62 are calcu-
lated only for the systems with unoccupied shallow sing
electron levels or occupied deep single-electron levels in
energy gap. This is because the negative and positive ch
states are expected to be stabilized for the systems with
1851 ©2000 The American Physical Society
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1852 PRB 62H. SAWADA AND K. KAWAKAMI
occupied single-electron levels near the top of the vale
band and with deep occupied single-electron levels in
energy gap, respectively.

III. RESULTS AND DISCUSSION

A. Interstitial nitrogen

The electronic structure, the atomic structure and the
bility of nitrogen located at a bond center~B! site, split in-
terstitial ~S! site, hexagonal~H! site, and tetrahedral~T! site
in silicon were investigated. These interstitial sites in t
diamond structure are shown in Fig. 1. The idealB site is too
tight to allow introduction of the nitrogen atom, therefore
bond length between first neighbor silicon atoms@Si~1! and
Si~2! in Fig. 1# and the nitrogen atom is elongated by 0.5
For theS site the structural optimization elongates the bo
length of Si~1!-N by about 0.4 Å, while Si~2!-N bond under-
goes shrinkage by 0.1 Å. In contrast to theS and B sites,
bond lengths between the nitrogen atom and first neigh
silicon atoms shrink by 0.4 Å for theT site. However, these
bond lengths are still longer than the bond lengths betw
the nitrogen atom and the first neighbor silicon atoms for
B and S sites. For theH site, bond lengths between the n
trogen atom and first neighbor silicon atoms shrink by o
0.03 Å.

The calculated total energies for the neutral charge s
are summarized in Table I. The interstitial nitrogen at theB
andS sites are much more stable than those at theH andT
sites. The energy difference between theB and S sites is
comparable to an error in the computation. To compare
interstitial nitrogen with the interstitial oxygen, the tota
energies and the atomic structures for the interstitial oxy
at theB andSsites were also calculated. The calculated to
energy difference between theB andS sites of about 1.8 eV
is consistent with previous work.19–21 Though theS site is
not the exact transition state of the oxygen diffusion,22 the
energy difference between theB and S sites is accurate
enough to allow a rough estimation of the activation ene
of the oxygen diffusion. In contrast to the oxygen, the tot
energy difference between theB andSsites is quite small for
nitrogen as mentioned above. It seems reasonable to sup
that the interstitial nitrogen diffuses much faster than
interstitial oxygen, if the diffusion path of nitrogen is th
same as that of oxygen. This difference between the act
tion energy of oxygen and that of nitrogen is related to

FIG. 1. The ideal interstitial sites in the diamond structure, i
theB, S, H, andT sites, are shown. Open and closed circles den
silicon and nitrogen atoms, respectively.
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local atomic configuration as shown in Table II. For theB
site the angle of Si~1!-X-Si~2! of nitrogen is smaller than tha
of oxygen by 26° and for theSsite the angle of Si~1!-X-Si~2!
of nitrogen is larger than that of oxygen. These differenc
between the local atomic configuration around the impu
of nitrogen and that of oxygen imply that the distance b
tween theB andS sites is shorter for nitrogen than that fo
oxygen. The activation energy of the diffusion of the nitr
gen is experimentally obtained as 2.8 eV.23 Since this acti-
vation energy is not smaller than the activation energy of
oxygen diffusion, we can speculate that the single intersti
nitrogen is not the dominant form of the nitrogen in silico
We will discuss the dominant form of nitrogen later.

The stability of the charge states of the interstitial nitr
gen was examined. The charge states of theH andT sites are
still more unstable than those of theB and S sites, so the
results are presented only for theB and S sites. Figure 2
shows the calculated relative energy of the charge states
theB andSsites measured based on the energy of the neu
charge state of theS site. As for theS site, the charge state
Q511 is more stable than the other charge states when
chemical potential is below the center of the energy g
while for the B site there is no chemical potential regio
where the charge stateQ511 is stable, and the charge sta
Q521 is stabilized instead. The stability of the char
states is closely related to the position of the single-elect
level in the energy gap. Both for theB and S sites, single-
electron levels appear in the energy gap. For theS site, the
single-electron level is located in the middle of the ener

TABLE I. Calculated total energies ofE@SixNy#2xE@Si#
2yE@N# for the neutral charge state, whereE@Si#5E@Si216#/216
andE@N#5$E@Si216N2#2E@Si216#%/2. Unit is eV.

Si216 0.00
Si215 3.47
Si217 3.60
Si216N (S site! 2.15
Si216N (B site! 2.26
Si216N (H site! 3.73
Si216N (T site! 4.80
Si215N 1.74
Si216N2 0.00
Si215N2 2.33
Si214N2 1.26

.,
te

TABLE II. Local atomic configuration around impurity X, i.e.
nitrogen and oxygen. Si~1! and Si~2! denote the neighboring two
silicon atoms of the impurity as shown in Fig. 1

Impurity Nitrogen Oxygen

B site Si~1!-Si~2! 3.05 Å 3.21 Å
Si~1!-X 1.69 Å 1.64 Å

/Si~1!-X-Si~2! 129° 155°
S site Si~1!-Si~2! 2.76 Å 2.74 Å

Si~1!-X 1.73 Å 1.71 Å
Si~2!-X 1.81 Å 1.97 Å

/Si~1!-X-Si~2! 102° 96°
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PRB 62 1853FIRST-PRINCIPLES CALCULATION OF THE . . .
gap and has a nonbonding character, which means th
silicon dangling bond is elongated opposite to nitrog
therefore it is preferable that the level not be occupied.
the other hand, for theB site, the single-electron level i
located just above the top of the valence band, so the l
prefers to be occupied. As temperature increases, the F
level approaches the intrinsic Fermi level, i.e., center of
energy gap. In Fig. 2 a vertical-solid line indicates the intr
sic Fermi level. The stable states of the interstitial nitrog
are the neutral charge state of theS site and the negative
charge state of theB site at high temperatures.

B. Substitutional nitrogen

The off-center substitutional nitrogen was found to
more stable than the on-center substitutional nitrogen by
electron-spin resonance study.24,25 The energy difference be
tween the on-center and off-center substitutional nitrog
and the local atomic configuration were obtained theor
cally by varying the displacement of nitrogen from the o
center position. Figure 3 shows the total energy of Si63N as a
function of nitrogen displacement tô1̄1̄1̄& direction, which
is measured from the total energy of the on-center nitro
for each charge state. The on-center nitrogen is metast
and the energy minimum of the off-center nitrogen is loca
at about 0.67 Å in â1̄1̄1̄& direction for the charge states o
Q50 and61. The energy difference between the on-cen
and off-center nitrogen is calculated to be 0.09 eV for
neutral charge state. This agrees well with the experiment
obtained value of 0.07 eV.25 The energy barrier for the re
orientation among four equivalent off-center sites of 0.14
is also in good agreement with the experimental value
0.11 eV.24

FIG. 2. Energy of the various charge states of the interst
nitrogen (Si216N) at theSandB sites measured based on the ene
of the neutral charge state of theSsite as a function of the electro
chemical potential. Ev and Ec denote the top of the valence ban
and bottom of the conduction band, respectively. The vertical-s
line indicates the center of the energy gap.
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The occupation of the single-electron level in the ene
gap changes from 0 to 2 for the change of the charge s
from Q511 to Q521. The bond lengths of Si~1!-N for
the energy minimum of the off-center nitrogen are 3.3
3.19, and 3.10 Å for the charge states ofQ511, 0, and
21, respectively. The bond angles of N-Si~1!-Si~3! and
Si~3!-Si~1!-Si~3! become larger by 5.7° and smaller by 4.6
respectively, as the charge state changes fromQ511 to Q
521. On the other hand, the bond length of Si~2!-N and the
angles of Si~1!-N-Si~2! and Si~2!-N-Si~2! do not change so
much for all the charge states. The bond length of Si~2!-N is
1.86 Å, which is much shorter than that of Si~1!-N. The
angles of Si~1!-N-Si~2! and Si~2!-N-Si~2! are 93.9° and
119.5°, respectively, which means that the nitrogen atom
the Si~2! are almost on the same plane.

The charge state dependence on the local structure ca
understood as follows. The off-center nitrogen has
sp2-like electronic configuration for all the charge state
while the on-center nitrogen has ansp3 character. These ar
surmised by the local atomic structure around nitrogen,
pecially the flat atomic configuration of the off-center nitr
gen and three Si~2! atoms. Furthermore, a rapid shift up o
the single-electron level by the elongation of the Si~1!-N
bond can be explained by the transformation from thesp3

configuration to a higher lyingp state. It indicates that the
interaction between the nitrogen and Si~1! is rather small.
Assuming that the interaction between nitrogen and Si~1! is
negligibly small, structural optimization of a cluster of Si4H9
was performed by the molecular-orbital method@GAUSSIAN94

with basis set of 6-311G (d,p) and hybrid functional of
B3LYP#. The four silicon atoms correspond to one Si~1!
atom and three Si~3! atoms. The hydrogen atoms are bond
to Si~3! atoms and fixed at the position of the ideal diamo
structure. The result of the cluster calculation shows that
bond angles, which correspond to Si~3!-Si~1!-Si~3! and
N-Si~1!-Si~3! in Fig. 3, become smaller and larger, respe
tively, as the charge state changes fromQ511 to Q521.
These are the same tendency, with the charge state de

l
y

id

FIG. 3. Total energy of Si63N as a function of nitrogen displace

ment to ^1̄1̄1̄& direction, which is measured based on the to
energy of the on-center nitrogen for each charge state. The i
shows the local configuration of the substitutional nitrogen. T
open and closed circles denote silicon and nitrogen atoms, res
tively. The arrow indicates the direction of the nitrogen displac

ment, i.e.,̂ 1̄1̄1̄&.
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1854 PRB 62H. SAWADA AND K. KAWAKAMI
dence on the angles of Si~3!-Si~1!-Si~3! and N-Si~1!-Si~3! as
calculated for Si63N. Moreover, the relation between th
charge state and the local atomic configuration of the sili
~111! surface presented by Harrison26 is the same as ou
results qualitatively. Thus, the elongation of the Si~1!-N
bond for a more negatively charged state can be explaine
follows. The single-electron level in the energy gap ha
character of a dangling bond of Si~1!. A repulsive interaction
between the dangling bond and the bonding charge of S~1!-
Si~3! makes the bond angle of N-Si~1!-Si~3! larger as the
occupation of the dangling-bond state increases, which sh
ens the bond length of Si~1!–N.

The energies of the charge states ofQ50,61,62 are
shown as a function of the electron chemical potential in F
4. This figure indicates that the charge states ofQ50 and
21 are more stable than the other states at high temperat
Stability of the substitutional nitrogen is estimated by t
following expression:

EF5$E@Si215N#1E@Si216#%2$E@Si216N#1E@Si215#%

523.88 eV. ~2!

This binding energy of the interstitial nitrogen with the v
cancy indicates that the substitutional nitrogen can exist n
the melting temperature. However, the observed subs
tional nitrogen is less than 10% of the total amount of i
planted nitrogen.24 Moreover, only less than 1% of dope
nitrogen atoms contribute to the electronic properties for
sample grown by the float-zone method,27 although the sub-
stitutional nitrogen is expected to affect the electronic pr
erties. Thus the experimental observation and the theore
estimation appear to contradict each other. In order to o
come this contradiction we considered the reaction that
trogen is ejected from the substitutional site by the intersti
silicon. The kickout energy of the substitutional nitrogen
the interstitial silicon is obtained as,

EF5$E@Si216N#1E@Si216#%2$E@Si215N#1E@Si217#%

523.19 eV. ~3!

FIG. 4. Energy of the various charge states of the substitutio
nitrogen (Si215N) measured based on the energy of the neu
charge state as a function of the electron chemical potential. Ev and
Ec denote the top of the valence band and bottom of the conduc
band, respectively. The vertical-solid line indicates the center of
energy gap.
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This energy indicates the possibility of occurrence of t
reaction near the melting temperature. These calculated
sults imply that the creation and annihilation of the substi
tional nitrogen occur through the annihilation of the vacan
and interstitial silicon. If the content of the vacancy and t
interstitial silicon is comparable to that of the nitrogen ne
the melting temperature, the vacancy and the interstitial s
con will be significantly reduced. However, it is impossib
to judge whether this mechanism has a major effect on
concentration of the vacancy and the interstitial silicon, b
cause the content of the vacancy and the interstitial silico
not known exactly at high temperatures.

C. Nitrogen pair

Nitrogen is expected to exist in a pair because of
isotope effect of the infrared spectrum.12 The structure of the
nitrogen pair was proposed by usingab initio local-density
functional calculations on up to 88 atom H-terminated clu
ters, N2Si44H42.10 We optimized the local atomic structur
around two nitrogen atoms located at the neighboringSsites,
and the calculated structure, shown in Fig. 5, is almost
same as that proposed by Jones and O¨ berg. There is a shal
low single-electron level in the energy gap. Since the leve
fully occupied, it can be expected that the neutral cha
state is the most stable among various charge states o
nitrogen pair. Stability of the nitrogen pair compared wi
the neutral charge state of the interstitial nitrogen at thS
site, which is expected to be the most stable state at h
temperatures, is evaluated by the binding energy of the
trogen pair,

EF5$E@Si216N2#1E@Si216#%2$E@Si216N#1E@Si216N#%

524.3 eV. ~4!

The ratio of the nitrogen pair to the total number of nitrog
is estimated as a function of temperature by considering o

al
l

n
e FIG. 5. Structure of the nitrogen pair.~a! is the ideal diamond
structure. Two nitrogen atoms are placed at the idealS site in the
ideal diamond structure. The structures with two nitrogen ato
before and after the structure optimization are shown in~b! and~c!,
respectively. Open and closed circles denote silicon and nitro
atoms, respectively.
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PRB 62 1855FIRST-PRINCIPLES CALCULATION OF THE . . .
atomic configurational entropy. Blo¨chl et al. found that the
contribution of the configurational entropy to each of t
total formation entropies for the vacancy and interstitial s
con is about one-third and the rest is attributed to the vib
tional entropy.28 In contrast to the formation of the vacanc
or interstitial silicon, however, it is expected that the vibr
tional entropy is not changed very much by the formation
the nitrogen pair from the interstitial nitrogen. Thus we a
sume that the dominant contribution to the entropy is
configurational entropy. A change of free energy for t
transformation from the interstitial nitrogen (Ni) to the nitro-
gen pair (N2) is evaluated as follows,

DF5aNNEF2TDS, ~5!

DS>kBlnH NI !

~NN2aNN!! ~NI2NN1aNN!!

3
~NN2aNN!!

~aNN!! ~NN22aNN!! J , ~6!

where NI is the number of interstitial sites in silicon, an
NN , (122a)NN , andaNN are the numbers of the nitrogen
isolated nitrogen and nitrogen pair, respectively. T
changes of enthalpy, entropy, and free energy for the tra
formation of 2Ni→N2 at the melting temperature of silico
are shown in Table III. It indicates that the ratio of the nitr
gen pair to the total number of nitrogen changes around
melting temperature of silicon, because theDE andTDS are
the same order. The ratio of the nitrogen pair to the to
number of nitrogen is obtained by minimizing the change
free energy of Eq.~5! with respect toa. It is shown as a
function of temperature in Fig. 6. This figure indicates th
most of the nitrogen atoms form the nitrogen pair even n
the melting temperature of silicon. We mentioned above t
the dominant form of the nitrogen is not the interstitial nitr
gen because of the discrepancy between the diffusion
stant obtained by theory and that obtained by experim
The result, finding that the nitrogen pair is the dominant fo
of the nitrogen, is consistent with the above discussion.

D. Interaction between nitrogen pair and vacancies

We considered two cases regarding the interaction
tween the nitrogen pair and a monovacancy. In one ca
monovacancy approaches the nitrogen pair and is substit
for the silicon atom that bridges between two nitrogen ato
In this case one nitrogen atom moves to the vacancy
@N~1!# and the other nitrogen atom moves to the bond ce
site @N~2!# as shown in Fig. 7~a!. The angle of Si-N~2!-Si is
143° and the bond length of Si-N~2! is 1.07 Å. Both the

TABLE III. Changes of enthalpies(DE), entropies (DS), and
free energies (DF) for each reaction at the melting temperature
silicon. 1.031015 and 2.031015atoms/cm3 are employed for the
concentration of vacancy and nitrogen, respectively.

DE ~eV! TDS ~eV! DF ~eV!

2Ni→N2 24.30 2.84 27.14
N21V→N2V 21.14 9.993104 29.993104

N212V→N2V2 25.69 7.30 212.99
-
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angle and the bond length are larger than those of the si
nitrogen at theB site. This is because the bond lengths
Si-N~1! shrink 0.2 Å more than neighboring Si-Si for th
single nitrogen at theB site. In the other case nitrogen atom
form a N2 moleculelike structure at a vacancy site@Fig.
7~b!#, although we do not know a process for forming th
structure. In this case the bond length of Si-N is almost
same as the shorter Si-N bond length for the substitutio
nitrogen, and the distance between two nitrogen atoms
comes 1.44 Å, which is much longer than that of the2
molecule, i.e., 1.1 Å. As for the former case, an occup
deep single-electron level exists in the energy gap. Thus
stability of the several charge states was examined. The
culated results show that the neutral charge state is the m
stable at high temperatures~Fig. 8!. The neutral charge stat
is expected to be the most stable state also for the latter c
since deep single-electron levels are not occupied. The
bility of the complex of the nitrogen pair and the monov
cancy (N2V) is estimated as,

EF5$E@Si215N2#1E@Si216#%2$E@Si216N2#1E@Si215#%.
~7!

f

FIG. 6. Ratio of nitrogen pair to total number of nitrogen as
function of temperature for various nitrogen concentrations. T
unit of the concentration of nitrogen is in atoms/cm3.

FIG. 7. Complexes consisting of two nitrogen atoms and
monovacancy.~a! One nitrogen is located at the substitutional s
@N~1!#, while the other nitrogen atom is at theB site @N~2!#. ~b!
Nitrogen atoms form an N2 moleculelike structure at a vacancy sit
Open and closed circles denote silicon and nitrogen atoms, res
tively.
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1856 PRB 62H. SAWADA AND K. KAWAKAMI
The binding energies of the nitrogen pair with the vacan
EF are21.14 eV and21.29 eV for the above two types o
complexes. The complex with the substitutional nitrog
atom and the interstitial nitrogen atom at theB site is less
stable than that with the N2 molecule-like structure at the
vacancy site. A concentration of N2V is obtained as a func
tion of temperature for various vacancy and nitrogen c
tents as shown in Fig. 9. The concentration is obtained
minimizing the following change of free energy with respe
to the number of N2V,

DF5aVEF2TDS, ~8!

FIG. 8. Energy of the various charge states of the complex c
sisting of the substitutional nitrogen and the interstitial nitrogen
the B site measured based on the energy of the neutral charge
as a function of the electron chemical potential. Ev and Ec denote
the top of the valence band and bottom of the conduction ba
respectively. The vertical-solid line indicates the center of the
ergy gap.

FIG. 9. Concentration of N2V as a function of temperature fo
various vacancy and nitrogen concentrations. The unit of the c
centrations of vacancies and nitrogen is in atoms/cm3.
y

n

-
y
t

DS>kBlnH NS!

NN! ~NS2NN!!

3
~NS2NN!!

$NS2NN2~12a!V%! $~12a!V%!

3
NN!

~NN2aV!! ~aV!! J , ~9!

whereNS is the number of silicon sites,NN is the number of
nitrogen pair sites, (12a)V is the number of vacancies with
out a nitrogen pair, andaV is the number of N2V. In this
calculation, the binding energy of the complex with the su
stitutional nitrogen atom and the interstitial nitrogen atom
theB site is employed, since the formation process of the2
moleculelike structure is unknown. The changes of entha
entropy, and free energy for the reaction of N21V→N2V at
the melting temperature of silicon are shown in Table III.
indicates that the N2V is not a dominant form of the vacanc
around the melting temperature of silicon, because theTDS
is much larger thanDE. Figure 9 shows that the temperatu
where 1% of vacancies are trapped at the nitrogen pa
lower than 1000 °C even though the concentration of nit
gen is higher than the maximum solid solubility of
31015 atoms/cm3. In the entropy contribution~Eq. 9! to the
free energy only the configurational entropy is consider
Since the vacancy disappears in the reaction of Eq. 7, h
ever, the contribution of the vibrational entropy should n
be neglected. In Ref. 28 the vibrational entropy of the v
cancy obtained is 4kB . When the vibrational entropy of 4kB
for the vacancy annihilation is added in Eq.~9!, the tempera-
ture where the vacancies are trapped at the nitrogen
decreases by about 100 °C. It is suggested that either
reduction of the concentration of the vacancy or the decre
of the diffusion constant of the vacancy is the mechani
that explains the reduction of the void size and the incre
in the number of voids as mentioned above. For both of
above suggested mechanisms a large part of the vaca
are needed to interact with the nitrogen pair, if the N2V play
a role in the mechanisms. The binding energy of the N2V
complex indicates, however, that the N2V is not stable at the
temperature of the void aggregation.

We considered a complex where one more vacancy
added to the above mentioned N2V. In this case a vacancy is
substituted for the silicon atom next to the nitrogen atom

n-
t
ate

d,
-

n-

FIG. 10. Structure of the N2V2. Nitrogen atoms are substitute
for the two neighboring sites of silicon. Open and closed circ
denote silicon and nitrogen atoms, respectively.
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the B site, and the nitrogen atom moves from the B site
the substitutional site. As a result, two neighboring sites
silicon are occupied by the nitrogen atoms (N2V2), as shown
in Fig. 10. The bond lengths of three Si-N bonds are alm
the same as the shorter bond length of the substitutiona
trogen. The neutral charge state is expected to be the m
stable state, since deep single-electron levels are not o
pied. The binding energy of adding the monovacancy to
N2V is obtained as,
th
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EF5$E@Si214N2#1E@Si216#%2$E@Si215N2#1E@Si215#%

524.55 eV. ~10!

Considering the formation of the N2V2, the change of free
energy of Eqs.~8! and ~9! are modified as follows,

DF5aVEa1bVEb2TDS, ~11!
DS>kBlnH NS!

NN! ~NS2NN!!
3

~NS2NN!!

$NS2NN2~12a2b!V%! $~12a2b!V%!

NN!

~NN2aV!! ~bV!! $~a2b!V%J , ~12!
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wherebV is the number of vacancies that are trapped at
N2V. Ea and Eb are the binding energies of Eqs.~7! and
~10!, respectively. The changes of enthalpy, entropy, a
free energy for the reaction of N212V→N2V2 at the melt-
ing temperature of silicon are shown in Table III. It indicat
that the number of N2V2 changes around the melting tem
perature of silicon, because theDE and TDS are the same
order. The concentrations of vacancies that form the N2V
and N2V2 are obtained by minimizing the change of fre
energy with respect toa andb for various concentrations o
vacancy and nitrogen. In Fig. 11 the thin and thick lin
denote the concentrations of vacancies contained in the2V
and N2V2, respectively. The vacancies in the N2V are very
little and are reduced as the temperature decreases. The
centration of vacancies contained in the N2V2 becomes the
concentration of nitrogen pair at least 1300 °C. Since t
vacancies disappear for the formation of N2V2 in Eqs. ~7!

FIG. 11. Concentration of vacancies that form the N2V and
N2V2 for various vacancy and nitrogen concentrations. The thin
thick lines denote the concentrations of vacancies contained in
N2V and N2V2, respectively. The unit of the concentrations of v
cancies and nitrogen is in atoms/cm3.
e

d

on-

o

and~10!, the vibrational entropy is not negligible. Therefor
the contribution of the vibrational entropy is estimated in t
same manner as that of the N2V formation. The vibrational
entropy decreases the temperature of the formation of
N2V2 by about 200 °C. This indicates that most of the nitr
gen pairs interact with the vacancies and change into
N2V2 at temperatures higher than 1100 °C in the silicon c
taining more vacancies than nitrogen atoms. This can be
mechanism for reducing the number or the diffusibility of t
vacancies. On the contrary, the N2V2 can change to the ni
trogen pair by introducing the interstitial silicon, as the bin
ing energy of the N2V2 with the two interstitial silicon is,

EF5$E@Si216N2#123E@Si216#%2$E@Si214N2#12E@Si217#%

528.45 eV. ~13!

If this reaction occurs frequently near the melting tempe
ture, the concentration of the vacancies and the interst
silicon should be much reduced. However, it is unkno
whether the reaction determines the concentration of the
cancies and the interstitial silicon as discussed for the sub
tutional nitrogen, since the exact content of the vacanc
and the interstitial silicon is not known near the melting te
perature. Furthermore, this reaction needs to pass throug
intermediate state, i.e., N2V. The binding energy of the in-
termediate state is expressed by the following equation:

EF5$E@Si215N2#1E@Si216#%2$E@Si214N2#1E@Si217#%

522.52 eV. ~14!

This binding energy is not negatively large enough to
through the intermediate state near the melting temperat
It is necessary to consider not only the thermal equilibriu
but also the dynamical effect on the stability among the
trogen pair, N2V and N2V2, in the process of silicon crysta
growth.

IV. SUMMARY

The stability of several states of nitrogen were inves
gated by the first-principles electronic structure calculati
As for the interstitial nitrogen, theS and B sites are much
more stable than theH and T sites. The total energies o
nitrogen at theS andB sites are almost the same. This co

d
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trasts with the interstitial oxygen that has a total energy
ference of 1.8 eV between theSandB sites. If the interstitial
nitrogen exists dominantly, it can diffuse faster than oxyg
since the energy difference is considered to be the activa
energy of diffusion. The substitutional nitrogen is found
be stable, which is contrary to the finding of the experimen
observation. This discrepancy may be explained by the
that the substitutional nitrogen moves to the interstitial s
if the interstitial silicon exists. The nitrogen pair is mo
stable than the single nitrogen at an interstitial site by 4.3
which indicates that the nitrogen pair exists even near
melting temperature of silicon.

In order to study the interaction between the nitrogen a
the monovacancy, two N2V complexes consisting of two ni
trogen atoms and a vacancy, are considered. In one o
complexes, one nitrogen atom moves to the substitutio
site and the other nitrogen atom moves to theB site. In the
other complex, nitrogen atoms form a N2 moleculelike struc-
ture at the vacancy site. The binding energies for both of
J
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N2V complexes indicate that the N2V is not stable at the
temperature of the void aggregation. When one more
cancy is added to the N2V complex, two nitrogen atoms ar
located at the substitutional sites. Since the binding energ
the N2V2 is 25.69 eV, the N2V2 can exist at the tempera
ture of the void aggregation as far as considering static e
librium. The formation of the N2V2 can affect the concentra
tion or the diffusibility of the vacancies.
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