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We report the density functional calculations with the hybrid approximation to the exchange-correlation
energy that clarify the atomic and electronic structures of the N vacancy (Vy) in SizN4. We find that the gap
states induced by the Si dangling bonds around Vy show interesting interplay between the spin splitting and
the Jahn-Teller splitting depending on their charges. More surprisingly, we find that a peculiar electron state
distributed in the internal space of the host SiN is hidden in the conduction bands and converted to a localized
floating state in the fundamental energy gap due to the presence of Vy. This theoretical finding indicates Vy
being multiply charged from 41 to —5: The charge states from 41 to —3 are stable at respective Fermi-level
positions in the gap, whereas the states —4 and —5 are metastable for the Fermi level near the conduction band
bottom. A possibility of multilevel memory function of Vy in SiN is suggested.
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I. INTRODUCTION

Defects inevitably existing in materials affect the proper-
ties of the materials substantially. Point defects in semicon-
ductors or insulators induce electron states in fundamental
energy gaps (deep or shallow levels) of the host materials, and
the induced states capture or emit electrons in relatively lo-
calized regions. [1-3]. Such point defects affect the transport
and optical properties, thus occasionally leading to deteriora-
tion of electron devices. However, capturing and/or emitting
the charge in a rather localized region exactly corresponds
to storing information in the region. If one can control the
capture and emission of the point defect, it is utilized as an
ultimately miniaturized element in technology. Such a case is
extremely rare in history but now emerging: The nonvolatile
flash memory [4] which sustains our current lives is an exam-
ple. Upon miniaturization of the electron devices, the memory
element of such a flash previously composed of Si floating
gates is now succeeded by silicon nitride (SiN) placed near
the interface of metal-oxide-semiconductor structures [5,6].
The memory function of SiN is supposed to come from the
nitrogen vacancy (Vy) [7-10], although its mechanism is un-
known. Hence, clarifying the atomic and electronic structures
of Vy in SiN is inevitable from both science and technology
viewpoints.

SiN is a useful material under harsh environments due to
its high thermal stability and toughness against fracture [11]
and lately has been utilized as passivation layers in Si solar
cells [12]. In pioneering tight-binding calculations by Robert-
son and Powell [13] and Robertson [14], it was shown that the
material in its stable stoichiometry Si3Ny4 is a semiconductor
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with the valence band top (VBT) being the N lone pairs,
and several point defects are classified based on the obtained
chemical knowledge. This classification is essentially correct
and has been corroborated by recent calculations based on
density functional theory (DFT) [15].

To advance our understanding of the memory function in
SiN, however, the most important task is the determination of
the thermodynamic (TD) level [16,17] induced by Vy, £(ql¢’),
i.e., the determination of the Fermi level in the gap at which
differently charged Vy, i.e., V§ and Vﬁ/, have the same total
energy. This TD level is responsible for the electron capture
and emission, and its determination involves assessment of
roles of hybridization, spin polarization and ionicity of Vy in
SiN, which we clarify in this paper.

Another important factor discussed in this paper is the role
of spatial sparsity of the material in its electronic properties.
In carbon nanomaterials such as tubes or peapods [18-20],
there are internal hollows where peculiar electron states
are distributed and affect the electronic properties sub-
stantially [21,22]. Even in typical tetrahedrally coordinated
semiconductors which show relatively low packing efficiency
compared with metals, there are electron states which are
distributed in the interstitial channels [23,24], and the quan-
tum confinement of the electron in the interstitial channel
nicely explains the bandgap variation among polymorphs of
silicon carbides [25,26]. In this paper, we find this class of the
peculiar electron state, which we call a floating state, is hidden
in the host SiN as a conduction band state and emerges as a
gap state due to the presence of the N vacancy. This emer-
gence of the new TD levels renders Vy a multiply charged
system, opening its possibility as a promising memory unit in
information technology.

In Sec. II, the present calculation schemes are explained.
The floating states in defect-free SiN which we have found

©2022 American Physical Society
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FIG. 1. Kohn-Sham (KS) orbital of the bottom of the conduction
band at the I point of B-SizN,4 obtained by the hybrid approximation
of Heyd-Scuseria-Ernzerhof (HSE), viewed (a) from the ¢ axis and
(b) from its perpendicular direction. The isovalue surface of the KS
orbital is shown by the yellow (4) and blue-green (—) blobs. The
absolute value of the isovalue is 30% of the maximum. The blue and
gray balls depict Si and N atoms, respectively.

are presented in Sec. III A, and the emergence of various gap
states induced by Vy and their characters are discussed in
Sec. III B. Section IV summarizes our findings.

II. CALCULATIONS

Calculations have been done in DFT [27,28] using ei-
ther our own real-space-scheme code RSDFT [29,30] or the
plane-wave-scheme code VASP [31,32]. The results obtained
by the two different codes are essentially identical and thus
confirm the validity. The generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) [33] is used to
determine the stable geometries, and the total energies with
various charge states (i.e., the determination of the TD levels)
with appropriate corrections in the charged supercell calcu-
lations [34-37] are obtained by the hybrid approximation of
Heyd-Scuseria-Ernzerhof (HSE) [38,39], using the geome-
tries obtained by GGA-PBE. As a representative of SiN, we
take crystalline §-SizNy4, and to simulate a single Vy in an
otherwise perfect 5-SizNy, the 224-site supercell (and the
756-site supercell for the examination of the validity) is used.
More details are explained in Appendix A.

III. RESULTS AND DISCUSSION

A. Floating state in perfect SiN

In B-Si3Ny, Si is fourfold coordinated with N, and N is
threefold coordinated with Si. We have confirmed that the
VBT has a character of N lone pairs. For the conduction band
state, however, we have found that it lacks such a chemical
interpretation. Figure 1 is the Kohn-Sham (KS) orbital of
the conduction band bottom (CBB), clearly showing that this
state is distributed neither around the atoms nor along the
bond network: Its amplitude is the highest in the intersti-
tial region behind the Si-N bonds [larger electron blobs in
Fig. 1(a)] and then extended along the hexagonal rings, form-
ing a floating shape in the internal space of Si3Ny4. From the
direction perpendicular to the c axis, i.e., along the hexagonal-
ring plane [Fig. 1(b)], nodal planes are observed. This nodal
plane comes from the requirement of the orthogonalization

TABLE 1. The Si-Si distances in A, dia, dy;, and d3;, among 3
Si atoms which surround Vy for various charge states obtained by
the geometry optimization using GGA-PBE. The numbering of the
3 Si atoms are shown in Fig. 9 in Appendix C. The corresponding
distances in vacancy-free SizN, are shown at the last column. The
values for Vy at site B are also shown in parentheses.

ViOVy Vi ViV vy Vi xal

dp, 317 278 253 289 246 236 247 3.07
(3.02) (2.73) (249) (2.50) (249) (2.39) (2.33) (3.02)
dyy 290 3.01 3.03 249 254 240 230 292
(3.02) (2.72) (2.45) (247) (249) (2.39) (2.33) (3.02)
dy 317 278 253 246 246 236 247 3.07
(3.02) (3.12) (3.15) (2.84) (2.49) (2.39) (2.33) (3.02)

with the occupied sp hybridized orbitals of Si and N. The
appearance of such a floating state is common to sparse ma-
terials, as stated in Sec. I: Our DFT calculations for carbon
nanotubes [21], carbon peapods [22], and even for typical
semiconductors [23-26] have predicted the appearance of the
floating states, and the present calculation adds an interesting
member of those sparse materials. The packing efficiency of
B-Si3Ny is 0.28, which is lower than the value 0.34 of typical
semiconductors.

B. Nitrogen vacancy

In a unit cell of B-SizNy, there are 6 Si and 8 N atoms, and
the 8 N sites are classified into inequivalent two groups: the
majority 6 sites (site A hereafter) and the minority 2 sites (site
B hereafter). The formation energies of neutral Vy at the two
distinct sites have been calculated and found to be close to
each other within 0.1 eV. Here, we present the results mainly
for Vy at site A. The results for site B are generally same
as those for the majority site but show interesting differences
in some aspects (see below). Detailed results for site B are
presented in Appendix B.

Three Si atoms around an N atom in B-SizN4 form an
equilateral (site B) or isosceles (site A) triangle. The length
difference in the isosceles triangle is 2.5%. The geometry of
the three Si atoms labeled Si(1), Si(2), and Si(3) are shown
in Fig. 9 in Appendix C. The distance d;; between Si(i) and
Si(j) is calculated and shown in the last column of Table I.
Removing the N atom induces dangling bonds of those 3 Si
atoms, inducing localized electron states near the gap. In the
unrelaxed geometry, the point-group symmetry of Vy is al-
most C3,. Then the three dangling-bond states are transformed
to be a single totally symmetric state (commonly called a;
state) and two almost degenerate states (e; with its nodal plane
between the base 2 Si and the top Si and e, with the nodal
plane crossing the top Si). We have found that a; is resonant
in the valence bands being located at 1.2 eV below the VBT,
and e; and e; are located in the gap, as shown in the KS levels
of V;I" in Figs. 2 and 7 in Appendix B. (The KS levels qual-
itatively correspond to the TD levels in usual cases.) The KS
orbitals for these e and e, states are shown in Fig. 3. They are
empty for V;} and, upon electron capture, exhibit interesting
competition between the Jahn-Teller (JT) and the exchange
splitting. For VY, an electron is accommodated in the e, state
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FIG. 2. Kohn-Sham levels induced by the N vacancy at site A with charge g (shown by red letters above), obtained by the hybrid
approximation of Heyd-Scuseria-Ernzerhof (HSE). The blue bars <6 eV and >11 eV correspond to the valence and conduction bands,
respectively. The lowest state of the conduction bands has the floating character as shown in Fig. 1. Other blue bars are gap states with
the Si dangling-bond characters. The red bars are newly found localized floating states (see text). The green bars for the —5 charge state are
originated from the undercoordinated N atom (see text). The results using the 756-site supercell for V5> are also shown.

since the neighboring 3 Si atoms form a slightly (4%) flattened
isosceles triangle. This electron capture induces the exchange
splitting of 1.92 eV (Fig. 2) which is substantially larger than
the typical spin splitting in covalent systems such as the Si
dangling bond in crystalline Si (a few tenths of electronvolts)
or on the Si surface (0.79 eV [40]). This is the manifestation of
the localization of the Si orbitals in Si3Ny, reflecting an ionic
character of silicon nitride. With respect to the center of mass
position of e; with up and down spins, the separation between
e and e; is 1.71 eV (Fig. 2) which is the JT splitting in this
system. For Vﬁl, two electrons are accommodated in the e
state; thus, the JT splitting becomes double of the neutral case,
3.03 eV (Fig. 2).

An additional electron is accommodated in the e, state
in V;IZ. The splitting between e; and e, for the up spin in
Fig. 2 is the crystal-field (isosceles triangle field) splitting. The
exchange splitting is again prominent, and its value is 1.76 eV
(Fig. 2). This value is smaller than the value for e¢;, showing
less localization of the e, state. Further accommodation of an
electron makes Vy triply negative, where the e; and e, states
are fully occupied. Here, we have found that the covalency
(the JT splitting) and the ionicity (the exchange splitting)
become prominent alternately, depending on the number of
electrons trapped in Vy. The total energies for the spin-
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FIG. 3. Kohn-Sham (KS) orbitals of the gap states e; (left) and
e, (right) induced by neutral N vacancy in B-SizNy4, obtained by
the hybrid approximation of Heyd-Scuseria-Ernzerhof (HSE). The
isovalue surfaces with the absolute value being 50% of its maximum
are shown by blobs. The blue-green and the yellow blobs represent
the sign of the isovalue. The blue and gray balls depict Si and N
atoms, respectively.

polarized states are lower in energy than the spin-unpolarized
states by 0.43 and 0.36 eV for VY and Vf\f, respectively.

The floating state originating from the sparsity of SizNy
creates another gap state in V. This gap state accommodates
further two electrons and renders Vy as —4 and —5 charge
states. The energy-level position of this state is shown by the
red bars in Fig. 2 for various charge states. The corresponding
KS orbital is shown in Fig. 4 for the neutral and —5 charge
state. It does not have any particular atomic-orbital character
but has the floating-state character. The floating state hidden
in the conduction bands (Fig. 1) is subject to the multiple
scattering by Vy and localized in the N-deficit region associ-
ated with the downward shift of its energy level: the localized
floating state. The downward shift is due to the fact that
the N-deficit region in ionic SizNjy is intrinsically positive:
Our Bader charge analyses [41,42] have indeed shown its
ionicity as Sif'OON;ZZS. Figure 4 clearly shows that this
state is distributed above and below the nodal plane on the
triangle of the three neighboring Si atoms (right panels of
Fig. 4), like a 7 state. However, this localized floating state
is not a conventional m state since the surrounding Si atoms
are already fourfold coordinated and no atomic orbitals are
available to form this state. The floating states hidden in the
conduction bands have become this state due to the N vacancy.
The emergence of this localized floating state is reflected on
the reduction of the Si triangle in the —4 and —5 charge states
(Table I): The Si-Si distances are comparable or even smaller
than the bond length of crystalline Si (2.35 A). It is of note that
this localized floating state in V§4 shows the spin splitting of
1.46 eV, sizably smaller than that for the dangling-bond states
in VY and ng.

We have repeated the calculations using the 756-site su-
percell. The obtained KS levels for VIQS are shown in the last
panel of Fig. 2. The results from the 756-site cell are essen-
tially the same as those from the 224-site cell. The emergence
of the floating-character gap states is common to the two
distinct supercell sizes, although small KS-level shifts pre-
sumably due to the electrostatic potential shift are observed.
The corresponding localized floating-state orbital from the
756-site supercell is shown in Fig. 4(c). Again the results from
the two distinct supercells are essentially identical. Hence, we
conclude that the emergence of the localized floating state in
the gap with electrons accommodated is the real phenomenon
in SiN.
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FIG. 4. Kohn-Sham orbitals obtained by the hybrid approxima-
tion of Heyd-Scuseria-Ernzerhof (HSE) of the localized floating
states in the gap denoted by red bars in Fig. 2 for (a) neutral Vy and
(b) V;IS , viewed from two distinct directions. The obtained localized
floating-state orbital for V5> using the 756-site supercell is also
shown in (c). The isovalue surfaces of the KS orbitals are shown
by yellow (+) and blue-green (—) blobs. The absolute value of the
isovalue is ~50% of the maximum. The blue and the gray balls depict
Si and N atoms, respectively. The red circles depict the position
of VN .

In the quintuply charged vacancy Vﬁs, the localized float-
ing state shifts downward substantially, becoming the lowest
gap state. This is associated with spontaneous structural trans-
formation shown in Fig. 5: One of the Si atoms second nearest
to the Vy site [labeled Si(4) in Figs. 5 and 9 in Appendix C] is
dislodged from its original site by cutting one of the original
4 Si-N bonds and approaches one of the nearest neighbor
Si [Si(1)] of Vy, keeping its threefold coordinated geometry.
The resulting Si dangling bond directed to the Vy site hy-
bridizes with the localized floating state being already there
and causes the downward shift of the hybridized state. This
structural transformation is essentially the Si movement along
the direction reverse to one of the 4 sp3 directions, leaving

FIG. 5. Structural transformation around V§5. An original geom-
etry of Vy (left panel) is transformed to a puckered geometry (right
panel) upon electron injection. The four Si atoms involved in this
transformation are labeled. The blue and gray balls depict Si and N
atoms.

the ex-partner N twofold coordinated (Fig. 5). [The twofold
coordinated N induces the states in the VBT (Fig. 2).] The re-
sulting structure is like the carrier-injected oxygen vacancy in
SiO, which is commonly called a puckered geometry [43—47]
and has been discussed as an origin of the leakage current
in the SiO, gate insulator [47,48]. The spontaneous structural
transformation found in the present calculations for V> elu-
cidates the common feature between Si nitrides and oxides.
To determine which charge state of the N vacancy is fa-
vorable quantitatively, we need to calculate the formation
energy of V{ as a function of the Fermi level (Ef) position
in the energy gap. Figure 6 is the result from the present HSE
calculations. We have found a variety of charge states from
+1to —5: Vi, V%, Vgl, V;IZ, and VI;3 appear as the ground
states at the respective range of the Ep position. Here, V§4
and V;IS appear as the metastable states with their energies of
a few tenths of electronvolts being higher than that of V;f for
the Ef position close to the CBB. This relatively small energy
increase indicates that, if the Er position is controlled to be
near the CBB, V* and V’ exist thermally with a certain
portion and are accessible by the electron injection or the

—3 (S=0)\—4 (S=1/2)\~5 (5=0
8 r —2 5= SN G120\ (570)
>
L
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0 1 2 3 4 5

Fermi energy (eV)

FIG. 6. Formation energy of the N vacancy with various charge
states from +1 to —5 as a function of the Fermi-level position in
the gap of B-SizN, obtained by the present Heyd-Scuseria-Ernzerhof
(HSE) calculations. The left and right ends correspond to valence
band top (VBT) and conduction band bottom (CBB), respectively.
The charge and the spin S are shown near the lines.

155201-4



ATOMIC AND ELECTRONIC STRUCTURES OF NITROGEN ...

PHYSICAL REVIEW B 106, 155201 (2022)

I
”A

- +1 0 -1 —2
—— | ———|

11

=10 —

59 —=

T

m I [

i

6 .

5=E_g

o
t
I

FIG. 7. Kohn-Sham levels induced by the N vacancy at site B with charge ¢ which is shown by the number above each panel, obtained by
the present Heyd-Scuseria-Ernzerhof (HSE) calculations. The blue bars <6 eV and >11 eV correspond to the valence and conduction bands,
respectively. The lowest state of the conduction bands has the floating character as shown in Fig. 1. Other blue bars are gap states with the Si
dangling-bond characters. The red bars are newly found localized floating states (see text).

infrared excitation. The obtained TD levels are ¢ (+1/0) =
2.65eV, ¢ (0/—1) =3.18 eV, e (—1/-2) =497 eV, and ¢
(—2/—3) =5.41 eV. Figures 2 and 6 show that the N vacancy
behaves as a paramagnetic center with § = % when the Fermi
level is at the midgap (VON) or near the CBB (V1§2 and V1§4 as
a metastable center).

The N vacancy Vy at the minority site B shows essentially
identical behavior to that of Vy at site A (see Appendix B
for details): The charge states from +1 to —5 are possible
due to the electron occupation of the Si dangling-bond states
and also of the localized floating state. The only difference is
the absence of the spontaneous structural transformation for
V§5. The reason is the geometric hindrance to the puckered
configuration near Vy at site B (Figs. 7 and 9 in Appendicies).

In SiN used in the flash memory, the concentration of
the N vacancy is speculated to reach 10! cm= [5,6]. The
present calculations show that those vacancies are expected to
be negatively charged. This leads to a possible realization of
the subnanometer-scale zero-dimensional array of negatively
charged quantum dots. The negative charge accommodated in
the gap states is utilized to store the information. At the same

—3(S=0)

—2(S=1/2)

e
L
> 6 L
20 —1(5=0)
(]
(=}
m
o 4 10(S=172)
2
:
E 2 (+1(s0)
(S
0 L 1 Il 1 L
0 1 2 3 4 5

Fermi energy (eV)

FIG. 8. Formation energy of the N vacancy at the site B with
various charge states from +1 to —5 as a function of the Fermi-level
position in the gap of B-SizN, obtained by the present Heyd-
Scuseria-Ernzerhof (HSE) calculations. The left and right ends
correspond to valence band top (VBT) and conduction band bottom
(CBB), respectively. The charge and the spin S are shown near the
lines.

time, the negatively charged array of the dots cause the bend-
ing of the conduction and valence bands locally. This is the
zero-dimensional version of the type-II superlattice. The KS
levels shown in Figs. 2 and 7 for the —4 and —5 charge states
already support this possibility: The levels corresponding to
the valence bands shift upward due to the accumulation of
additional electrons around the N vacancy.

IV. CONCLUSIONS

In summary, we have performed density functional cal-
culations with the hybrid approximation to the exchange-
correlation energy functional that clarify the atomic and
electronic structures of the N vacancy (Vy) in SizNy, which
is a key material in flash-memory technology. We have found

FIG. 9. Atomic structures around the N vacancy at (a) site A
and (b) site B. The blue and gray balls depict Si and N atoms,
respectively. The three nearest neighbor Si atoms to the N-vacancy
site shown by the red circle, Si(1), Si(2), and Si(3), and the second
neighbor Si [Si(4)] to the N vacancy are labeled.
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that the floating state which is distributed in the internal space
in the host sparse material is hidden in the conduction bands
and creates a new localized floating state due to the presence
of Vn. This state is unprecedented in the sense that it is
distributed not around atomic sites but in the internal space
of the material. This finding in addition to the quantitative
clarification performed here of the dangling-bond characters
has unveiled essential features of the electronic structure of
the N vacancy in SiN. The calculated results indicate that Vi
in SiN exhibits multiple charge states from +1 to —5: The
charge states from 41 to —3 are thermodynamically stable at
respective Fermi-level positions in the gap, whereas the states
—4 and —5 are metastable for the Fermi level near to CBB.
This multiplicity may be utilized as a multilevel memory cell
in information technology.
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APPENDIX A: DENSITY FUNCTIONAL CALCULATIONS

In this section of the Appendix, we explain details of our
calculations based on DFT for $-SizN, and its N vacancy.
Computations have been performed either by the plane-wave-
scheme code VASP [31,32] or our own real-space-scheme code
RSDFT [29,30]. Geometry optimization has been performed
using GGA-PBE [33] to the exchange-correlation functional.
For the obtained (meta)stable geometries, we have performed
self-consistent-field calculations using HSE [38], obtained the
total energies for variously charged N vacancies as a function
of the Fermi-level position, and then determined the TD levels
in the gap. The Fock exchange operations in HSE have been
carried out by a recently proposed adaptively compressed
scheme [39]. In the HSE calculations, we use the parameter
which separates the short- and long-range parts as w = 0.2
A~ and the mixing ratio of the exact exchange to GGA-PBE
as o = 0.25. These parameters for the HSE approximation
along with other computation parameters given below produce
the energy gap of $-SizNy being 5.8 eV, which is close to the
previous value of 5.98 eV by the GW approximation [49] and
in the range of the experimental values (5.3 eV in Ref. [50]
although not being settled among the experiments). In the
VASP computations, nuclei and core electrons are simulated
by the projector-augmented potentials [51], and the cutoff

energy of the plane-wave basis set is taken to be 500 eV. In the
RSDFT computations, norm-conserving pseudopotentials [52]
are used to simulate nuclei and cores, and the real-space
mesh spacing is taken to be 0.13A, corresponding to the
cutoff energy of 2200 eV in the plane-wave basis set (we
used the fine mesh spacing to prepare converged results).
One of the reasons to perform the same computations with
different codes in this paper is to confirm that the two inde-
pendent computations produce identical results, and we have
indeed confirmed it. As a primitive example, the obtained
lattice constants of 5-SizNy are a = 7.66 Aand c =292 A,
which agree with the experimental values with the errors of
+0.66% and +0.34%, respectively.

To simulate a single N vacancy Vy in an otherwise perfect
B-Si3N4, we use a supercell consisting of 224 atomic sites.
To examine the validity of the supercell size, the 756-site
supercell is also used. The 756-site supercell nominally corre-
sponds to the Vy concentration of 1.25 x 10% cm™3.

The TD levels are determined by the formation energy

E! of the N vacancy with the charge g, which is given as

form

Ve
Ef%rm = Elo? - Et)(()ltal + un + q(gi}glM +ér) + Ecor-

Here, Et‘gfq and EX4 are the total energies of the supercell with
and without Vi, respectively, un the chemical potential of
an N atom, &¥8\, the VBT of the crystal, and e the Fermi
energy. Also, E., is the correction for the charged supercell
calculations. The correction includes electrostatic energy of
the charged periodic systems and the potential shift caused
by the finite-sized supercell [34-37]. The TD level ¢(q|q’) is
obtained by the cross point of Ef  and Ef’grm as a function of
the Fermi level.

APPENDIX B: NITROGEN VACANCY
AT THE MINORITY SITE B

In this section, we present the results for the N vacancy at
the minority site B in $-Si3Ny. The atomic structure of Vy
at site B is essentially identical to the structure at site A, as
shown in Table I in the main text. The obtained KS levels
induced by Vy at site B are shown in Fig. 7. The TD levels,
i.e., the formation energy as a function of the Fermi-level
position for various charge states, are shown in Fig. 8.

The appearance of various charge states from +1 to —5
has also been found for Vy at site B. From +1 to —3 charge
states, electrons are accommodated in the states essentially
consisting of the dangling bonds of nearest neighbor Si atoms.
Interesting competition between the symmetry-lowering re-
laxation (JT effect) and the spin polarization (exchange
interaction) has been found, as in Vy at site A. Electrons are
accommodated in the dangling-bond-character states one by
one up to the —3 charge state. As in Vy at site A, the floating
state hidden in the conduction band of Si nitride induces the
localized floating state in the gap with the N removal (Fig. 7).

The difference from Vy at site A has been found for the
quintuply charged vacancy VIS\I_. No spontaneous structural
transformation has been observed for Vy at site B. The rea-
son is the geometric circumstances around the N vacancy in
B-Si3N4. Around site B, the dislodged Si [Si(4)] is unable to
find its partner Si near Vy.
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We have found that, for the N vacancy at site B, V;}l,
VON, V;Il, V;Iz, and V;I3 appear as the ground states in the
respective range of the Fermi-level position. Here, V§4 and
V;IS appear as the metastable states with their energies being
0.88 and 1.84 eV, respectively, higher than that of V1§3 for the
Fermi-level position close to the CBB. The obtained TD levels
are ¢ (+1/0) =292eV,e (0/—1)=330¢eV, e (—1/-2) =
5.25eV,and ¢ (—2/—-3) =5.42¢eV.

APPENDIX C: NEAREST NEIGHBOR SI ATOMS AROUND
THE NITROGEN VACANCY

There are three Si atoms nearest to the N vacancy which
are labeled Si(1), Si(2), and Si(3). They are shown in Fig. 9
for Vy at sites A and B. The distance d;; in Table I depicts the
distance between Si(i) and Si(j). The fourth Si labeled Si(4),
which plays an important role in the spontaneous structural
transformation in Vﬁs at site A, is also shown in Fig. 9(a).
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