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Abstract—Charge transfer AQ = 0.35¢ at the Si—N bond in silicon nitride is determined experimentally using

photoelectron spectroscopy, and the ionic formula of silicon nitride Si;,

+143-1.05 . . .
N, 7 is derived. The electronic

structure of a.-Si3Ny is studied ab initio using the density functional method. The results of calculations (par-
tial density of states) are compared with experimental data on X-ray emission spectroscopy of amorphous
SizNy. The electronic structure of the valence band of amorphous Si;Ny is studied using synchrotron radia-

tion at different excitation energies. The electron and hole effective masses m} = m;; = 0.5m, are estimated

theoretically. The calculated values correspond to experimental results on injection of electrons and holes

into silicon nitride.
DOI: 10.1134/S1063776110100171

1. INTRODUCTION

Amorphous silicon oxide (SiO,) and nitride
(Si3;N,) are two basic dielectrics in devices operating
on silicon integrated circuits. These dielectrics have
permitted astounding progress in semiconductor sili-
con electronics, which has replaced vacuum electron-
ics. Silicon oxide has a low density of states at the sili-
con—dielectric interface, a high breakdown field, and
a low trap concentration. This dielectric is used as a
gate insulator in metal—insulator—semiconductor
(MIS) transistors. Silicon nitride has a much higher
concentration of electron and hole traps (about
10'° cm~3) as compared to silicon oxide [1, 2]. Traps in
Si;N, are deep (W= 1.5 eV) [3]. Silicon nitride exhib-
its the memory effect, viz., the ability to localize (trap)
electrons and holes injected into it with a giant lifetime
in the localized state (about 10 years at 7= 85°C) [2].
The memory effect in silicon nitride is used in devel-
oping nonvolatile flash-memory effects (storing infor-
mation without a power supply) in flash memory
devices [4—6]. Amorphous silicon nitride is used in
electronic devices.

Silicon nitride in the crystalline state is used as a
ceramic with high hardness, wear resistance (it is used
in cutting tools), strength, heat resistance, and a low
relative density (it is used in human bone prosthetics).

The mechanical, optical, and electrical properties
of silicon nitride are determined by its electronic
structure. In recent years, considerable advances have
been made in understanding the electronic structure

of wide-band-gap solids owing to progress in compu-
tational technique and the development of complex ab
initio programs for simulating the electronic structure
of solids. The electronic structure of crystalline silicon
nitride was studied theoretically in [7—10]. In the crys-
talline state, silicon nitride exists in the o and 3 phases.
The low-temperature o phase passes to the energeti-
cally more advantageous 3 phase at a temperature of
1723°C. The lattices of the oo and 3 phases of silicon
nitride possess hexagonal symmetry. The short-range
order is determined by the tetrahedral surroundings of
the silicon atom in SiN,. Nitrogen (N) atoms are
coordinated with three silicon atoms lying in approxi-
mately the same plane.

In [7, 10], the electronic band structure of o and 3
phases of silicon nitride was calculated using the ab
initio method. The authors of [7, 10] noted that the
band structures of both phases are very close and the
main properties of the electronic structure are deter-
mined almost completely by the short-range order.
From the point of view of atomic structure, the o
phase is the closest to amorphous nitride SisN, [1, 11].
The calculated value of the electron effective mass lies

in the range m) = (0.19—0.63)m,. This value is in
good agreement with the experimental value of the
electron tunneling effective mass m = (0.4—0.6)m, in

amorphous silicon nitride [12—18]. The situation with
the hole effective mass is different. Experiments on
tunnelling injection of holes into amorphous Si;N,
indicate that the contribution to the tunnel effect
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Fig. 1. Diagram of electron transitions observed in experi-
ments of X-ray emission spectroscopy, X-ray absorption
spectra, and X-ray photoelectron spectroscopy. Horizontal
lines denote atomic level, vertical arrows indicate electron
transitions.

comes from light holes with m} (0.35—0.50)m, [13,
17—19]. At the same time, band calculations predict
the presence of heavy holes with m; ~ (2.5—3.7)m,

[7]. In [8], light holes with mass m; =~ 0.55m, were
detected in a-Si;N,. However, the charge transfer at
the Si—N bond calculated in [8] had an anomalously
large value of AQ = 0.63e as compared to the results of
later calculations (AQ = 0.31e¢) [10]. Reliable data on
the effective masses of electrons and holes in silicon
nitride are important because flash memory is repro-
grammed on the basis of silicon nitride due to tunnel-
ing injection. The injection rate is an exponential
function of the effective mass [6]. The aim of this study
is an experimental and theoretical analysis of the elec-
tronic structure of silicon nitride, calculation of the
electron and hole effective masses using a contempo-
rary ab initio method, and comparison of the results of
calculations with the results of experiment performed,
in particular, using synchrotron radiation.
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2. EXPERIMENT

Amorphous Si;N, samples about 5 nm in thickness
were obtained by pyrolysis of a mixture of dichlorsi-
lane (SiH,Cl,) and ammonia NH; in a low-pressure
reactor at 760°C. The substrates were n-type silicon
plates with the (100) orientation and a resistivity of
about 10 Q cm. X-ray and UV photoelectron spectra
were measured on a Kratos AXIS-HS spectrometer
with a high (0.25 eV) resolution. The spectra were
measured under excitation by monochromatized K,
radiation of Al with an energy of 1486.6 e¢V. The UV
spectra were measured on the He I1 line with an energy
0f40.8 eV. Photoelectrons were detected at an angle of
60° to the normal to the sample surface.

Photoelectron spectra of the valence band of amor-
phous Si;N, with different excitation energies (200,
384, 620, and 1000 eV) were detected under excitation
by synchrotron radiation from the accelerator at the
National Synchrotron Radiation Research Center
(Hsinchu, Taiwan). The experimental technique is
described in [20].

The energy level diagram of the experiments used
for Si;N, spectroscopy is shown in Fig. 1. Information
on the partial density of states in the valence band was
obtained using experimental X-ray emission spectra.
The experiments are based on recording the emission
spectra formed as a result of filling of vacant states
(holes) by electrons at the atomic core levels 1s, 2p in
silicon and 1s of nitrogen. The intensity of X-rays is
proportional to the density of electron states in the
valence band. The width of the valence band in Si;N,
is about 13 eV, which is much smaller than the energy
of the X-ray transitions observed in the emission spec-
tra. For this reason, we assume that the matrix element
of the transition depends on energy only slightly. In the
dipole approximation, X-ray transitions in which the
orbital angular momentum changes by +1 are allowed.
In accordance with the dipole selection rules, the
emission spectra for silicon exhibit transitions from
the 3s and 3d states in the valence band to the 2p
atomic level (L, ; level in the notation used in X-ray
spectroscopy). The K emission spectra of silicon
exhibit transitions from the 3p states of the valence
band to the 1s atomic level.

The density of states in the conduction band is ana-
lyzed with the help of X-ray absorption spectra, or
quantum yield spectra (QYS). In the QYS, transitions
from the filled atomic Ls and 2p levels of silicon and 1s
level of nitrogen to unfilled vacant states in the con-
duction band are detected. The QYS in the first
approximation are interpreted in the approximation of
the dipole selection rules.

3. METHODS OF QUANTUM-CHEMICAL
CALCULATIONS

Band calculations of the electronic structure were
performed using the Quantum-Espresso software

No. 4 2010



ELECTRONIC STRUCTURE OF SILICON NITRIDE ACCORDING 661

Si N
N Si
@ Si Si N
Si NN
N
Si S N
1 N Si N
: ®
NMH Si
Si S
N N

Fig. 2. Unit cell of a-SizNy.

package [21] based on the density functional theory
(DFT): planes waves and pseudopotentials are used as
the basis for ab initio computation. The periodic struc-
ture of the crystal is taken into account in terms of the
boundary conditions at the unit cell boundary.

In our calculations, we used the following elec-
tronic configurations for Si: [Ne] 3.5? 3P? 3D° and for
N: [He] 25%2P3. These states corresponded to the
valence shells, while [Ne] and [He] corresponded to
the core. The core electrons were taken into account
using ultrasoft pseudopotentials. We employed a non-
local exchange-correlated functional in the Perdew—
Burke—Ernzerhof (PBE) parameterization. The cut-
off energy for plane waves in self-consistent calcula-
tions was chosen so that the resultant convergence in
the total energy of the cell was not worse than
0.001 Ry/at and the total energy was 45 Ry. The den-
sity of the k-point mesh in the reciprocal space in self-
consistent calculations was chosen from the same con-
siderations.

The effective masses of electrons and holes were
estimated numerically from the resultant set of E(k)
points in the Brillouin zone by approximating the dis-
persion curve by a parabola in the vicinity of a local
extremum. To determine the positions of extremal
points (top of the valence band and the bottom of the
conduction band) exactly and to obtain a high-density
discrete mesh in the vicinity of the extrema, additional
non-self-consistent calculations were performed using
the potentials obtained in the preceding self-consis-
tent calculation.

4. ELECTRONIC STRUCTURE OF a-Si;N,
AND COMPARISON WITH EXPERIMENT
ON AMORPHOUS SILICON NITRIDE

The unit cell in a.-Si;N, (Fig. 2) belongs to the trig-
onalsystem (a=b=7.751A,c=5.619A, .= B =90°,
vy = 120°) and contains 28 atoms (12 silicon atoms and
16 nitrogen atoms) [2]. The average values of the Si—
N-Si angles in a-Si;N, a-Si;N, are 118°8" The
length of the Si—N bond in crystalline silicon nitride is
in the range 1.707—1.779 A [11]. The Si—Si spacing in
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the second coordination sphere is close to 3.0 A, while
the N—N distance is in the range 2.67—2.90 A. The
unit cell parameters were taken from the ICSD crys-
tallographic database [22].

Figure 3 shows the first Brillouin zone correspond-
ing to the unit cell of a-Si;N, with high-symmetry
points and with the path traversed through these points
in the opposite direction, along which the band struc-
ture was calculated. The calculated band structure of
the o phase of silicon nitride is shown in Fig. 4 (the
energy is measured from the top of the valence band).

Analysis of the resultant band structure shows that
a-Si;N, is a non-direct-band insulator with the top of
the valence band at point M and the bottom of the
conduction band at the center of the Brillouin zone.
The valence band of silicon nitride is formed by two
subbands separated by an ionic gap with a width of
about 4 eV. The calculated band gap is E, = 4.66 €V,
which is in good agreement with the experimental
value (4.5 eV) [2]. The resultant dispersion relation

Effective masses of charge carriers in o.-SizNy

Light Heavy
mk/m 0.75 (G—A) 1 (G—K, G—M)
mj/mg 0.43 (M—L) ~25 (M—G, M—K)
Vol. 111 No. 4 2010
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Fig. 4. Dependence of energy on quasi-momentum in o-
SizNy.

E(k) has made it possible to calculate the effective
masses of electrons and holes (see table).

The table contains the minimal and maximal values
of the effective masses of electrons and holes and the
corresponding directions in the reciprocal space. An
anomalously high value of the effective mass (approx-
imately 25m,) was obtained for holes in the G—K—M
plane perpendicular to the hexagonal prism axis in the
Brillouin zone, while a hole with a mass of 0.43m, is
observed in the direction parallel to the axis. The value
of the effective mass of a light hole is in good agree-
ment with the experimental value of the tunneling
effective mass of a hole in amorphous silicon nitride,
which is approximately (0.35—0.50)m, [13].

We have calculated and analyzed the spatial distri-
butions of the electron density as a function of energy.
Figure 5 shows the charge density distributions for
three difference energies of the valence band.
Figure 5a shows the charge density distributions in an
energy range of —17 eV corresponding to 2s orbitals of
nitrogen. In accordance with basic quantum-mechan-
ical concepts, the obtained pattern of the electron
density distribution has a symmetry close to spherical,
which is typical of the wavefunctions of s electrons.
Figure 5b shows the charge distribution for an energy
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of —4 eV corresponding to the bonding orbital 2p-Si sp
in N. It can be seen from this pattern that a-Siz;Ny is a
polar crystal; the electron density at the Si—N bond is
mainly localized near the nitrogen atom due to its high
negative charge. The charge density gradient is
directed along Si—N bonds, indicating the bonding
nature of the orbital. Figure 5c shows the constant-
electron-density surface for unbonding 2p, orbitals of
nitrogen (with an energy of —0.1 eV), from which the
top of the valence band is formed [23, 24]. As
expected, the wavefunction of the unbonding orbital is
localized along the axis perpendicular to the plane
formed by the nitrogen atom and its nearest neighbors
(three silicon atoms).

Figure 6 shows the experimental X-ray emission
spectra and quantum yield (absorption) spectra of
amorphous Si;N, borrowed from [25], as well as the
calculated partial density of states for a.-Si;N,. Except
for the L, ; spectra of Si, satisfactory agreement is
observed between experiment and theory. The absence
of the second peak at the top of the valence band in the
L, 5 spectra of Si can be explained by the disregard for
the contribution from 3d orbitals of Si, according to
[26], which make a considerable contribution to the
emission spectra.

5. ENERGY DIAGRAM OF ELECTRONIC
TRANSITIONS IN AMORPHOUS Si;N,

Figure 7 shows the energy diagram of electron
states in a-Si;N,. All energies are measured from the
electron energy in vacuum. The energies of internal 2p
and 2s levels in silicon and 1s level in nitrogen were
determined using X-ray photoelectron spectroscopy;
the energy of the 1s level of silicon is determined from
the K, emission spectrum of silicon, in which transi-
tions between 2p and l1s levels of silicon are detected.
The energy of this transition in Si;N, is 1740.5 eV [1].
The horizontal lines in the valence band and in the
conduction band in Fig. 7 correspond to the position
of the peaks of the density of states observed in X-ray
transitions. The figure shows the electron transitions
observed in the X-ray emission and absorption spectra.

Fig. 5. Electron density distribution in a-Si3Ny at different energies: —17 (a), —4 (b), and —0.1 eV (c). The energy is measured

from the top of the valence band.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 111

No. 4 2010



ELECTRONIC STRUCTURE OF SILICON NITRIDE ACCORDING

The same figure also shows the electron transitions
observed in the ionization spectra of the 2p levels in Si
and lslevelsin N, as well as interband transitions from
the valence band to the conduction band borrowed
from [27]. The low-energy edge of the quantum yield
of the L, 5 spectra of silicon gets into the band gap.
The quantum yield (with an energy of 1844.4 eV) in
the K spectra of silicon is also localized in the band
gap. It also includes transitions observed in the ioniza-
tion spectra at energies £ = 101.0 and 104.0 eV upon
excitation of the 2p level of Si, as well as transitions
with energies £ = 390.8 and 399.1 eV upon excitation
ofthe 1slevels of N (see Fig. 7). These peaks cannot be
explained in the framework of one-electron calcula-
tions disregarding defects and multielectron effects in
silicon nitride. These features can be due either to
multielectron or defects. Clarification of the nature of
low-energy transitions in the quantum yield and ion-
ization spectra requires further investigation.

It can be seen from Fig. 7 that the transitions at
energies £ = 9.3, 10.8, and 14.5 eV coincide with the
energy gap between bonding and nonbonding states.
The transition at energies of 6.8 and 12.5 eV poorly
correlates with the density-of-states peaks that are
manifested in the X-ray transition. The optical reflec-
tion spectra for Si; N, exhibit only one singularity at an
energy of 9.5 eV [28]. This energy is close to the energy
of 9.3 eV observed in the excitation spectra. It should
be emphasized that the energy diagram in Fig. 7 is
empirical and is plotted using the approach developed
for SiO, [29].

6. DETERMINATION OF CHARGE TRANSFER
TO THE Si—N BOND IN Si;N,

The energies of the atomic levels (e.g., the position
of the 2p level of Si in tetrahedral Si, Si;N,, and SiO,)
are determined by the effective charges at silicon
atoms, which in turn are determined by the electron
affinity of atoms surrounding the silicon atom. The
effective charge of an atom is a concept not quite def-
inite nor unambiguous. However, comparison of com-
pounds in a series with different charges leads to qual-
itative conclusions concerning the extent of overlap-
ping of wavefunctions and charge transfer to the bond.
Figure 8 shows experimental photoelectron spectra of
the 2p level of silicon in Si;N, and SiO,. The 2p level of
silicon in Si;N, is separated from the 2p level in Si by
2.9 eV. The 2p level of silicon in SiO, is separated from
the 2p in Siby 4.2 eV. The difference in the energies of
the level (chemical shift) is due to the fact that the
electron density from the s- and p-orbitals of the sili-
con atom is shifted to the 2p and 2p levels of nitrogen
and oxygen as a result of formation of Si—N and Si—O
bonds in Si;N, and SiO,, respectively. Therefore, the
silicon atom acquires a positive charge, while nitrogen
and oxygen atoms acquire a negative charge. Due to
the positive charge on the silicon atom in Si;N, and
Si0,, the binding energy of the 2p level of Si increases
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Fig. 6. Experimental X-ray emission spectra and quantum
yield (absorption) spectra of amorphous SizN, (solid
curves) and calculated partial density of states in a-SizNy
(dashed curves). All spectra are reduced to the same origin,
viz., electron energy in vacuum (solid vertical line). The X-
ray photoelectron spectrum of the valence band is shown
in the left bottom part for £ = 1486.6 eV. Three tetrahe-
drons connected by a nitrogen atom are shown in the right
bottom part of the figure.

because of the Coulomb interaction. This is the
essence of the chemical shift of the 2p level of Si in
Si;N, and SiO, relative to Si in Fig. 8.

The charge on the oxygen atom in fused quartz,
which was determined in experiments on annihilation
of positrons, is Q° = —1.0e [30]. Close values are
obtained in theoretical quantum-chemical calcula-
tions of the electronic structure of SiO,: 1.2e [31],
(1.02—1.3)e [32], 1.15¢ [33], and 1.2¢ [34]. Since the
oxygen atom in SiO, is coordinated by two silicon
atoms, the charge transfer at the Si—O bond amounts
to AQ = 0.5e. This means that SiO, is an ion—covalent
compound with a large ionicity of the Si—O bond.
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electron transitions.

The chemical shift of the 2p level of Si in Fig. 8
makes it possible to determine the charge transfer at
the Si—N bond in Si;N,. The Si—Si bond is purely
covalent, and the charge at the silicon atom in elemen-
tary silicon is zero. If we assume, as is usually done,
that the chemical shift of the 2p level of Si is propor-
tional to the positive charge at the silicon atom, the

T T T T T T T T T
SizNy
N\ %

s Si

;

| | | 1 1 1 | | |
106 105 104 103 102 101 100 99 98 97 96
Energy, eV

Fig. 8. X-ray photoelectron spectra of the 2p level of the sil-
icon atom in Si, Si3Ny, and SiO,.
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charge on the Si atom in Si;N, is 05 = +1.4e. Since
the silicon atom in Si;N, is coordinated by four nitro-
gen atoms, the charge transfer to the Si—N bond is
AQ = 0.35e. Since the nitrogen atom in Si;N, is coor-
dinated by three silicon atoms, the charge on the
nitrogen atom is QN = —1.05e.

The experimentally determined charge transfer
AQ = 0.35e to the Si—N bond is half the charge trans-
fer of 0.7e calculated in [7]. The total charge calcu-
lated here for each species of atoms according to
Luden (0% = +1.5e, ON = —1.0e) has also made it pos-
sible to determine the charge transfer at the Si—N
bond. The theoretically calculated charge transfer at
the Si—N bond was AQ = 0.35 + 0.02e. This value is in
good agreement with the experimentally determined
charge transfer.

7. PHOTOELECTRON SPECTRA
OF THE VALENCE BAND

Figure 9 shows the experimental photoelectron
spectra of the valence band of amorphous Si;N, mea-
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Fig. 9. Experimental and calculated photoelectron spectra
of the valence band for amorphous SizN, with different
excitation energies.

sured at different excitation energies of 40.8, 200, 384,
620, and 1486.6 eV. The same figure shows the calcu-
lated photoelectron spectra of the valence band of a.-
Si;N, obtained from the partial density of electron
states with different symmetries of the wavefunctions
taking into account the photoionization cross sections
that depend on the excitation energy [35]. The posi-
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tions of the peaks on the experimental spectra are in
satisfactory agreement with the model curves, but the
peak intensity in the region of the 2s subband of N is
overestimated in calculations for nearly all excitation
energies. The reason for this discrepancy between
experiment and calculations is unclear. Probably, the
photoionization cross sections for 2s electrons in N
were overestimated in theoretical calculations [35].

8. DISCUSSION OF RESULTS

Analysis shows that the upper valence band is
formed by bonding orbitals 2p (N)—3sp> (Si).
Unbonding 2p, orbitals in N make a predominant
contribution to the formation of the top part of the
valence band. However, it is important to note that in
addition to 2p, orbitals in N, bonding orbitals 2p (N)—
2sp® (Si) also contribute to the formation of the top
part of the valence band. The overlap integral for 2p,
orbitals in nitrogen is small; for this reason, these

orbitals correspond to heavy holes m} ~ 25m near the

top of the valence band. Bonding orbitals 3sp*(Si)—2p
(N) near the top of the valence band correspond to

light holes with m;’ ~ 0.5m,. These orbitals are charac-
terized by large overlap integrals.
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