
1063-7761/04/9804- $26.00 © 2004 MAIK “Nauka/Interperiodica”0760

 

Journal of Experimental and Theoretical Physics, Vol. 98, No. 4, 2004, pp. 760–769.
Translated from Zhurnal Éksperimental’no

 

œ

 

 i Teoretichesko

 

œ

 

 Fiziki, Vol. 125, No. 4, 2004, pp. 868–878.
Original Russian Text Copyright © 2004 by V. Gritsenko, D. Gritsenko, Novikov, Kwok, Bello.

 

1. INTRODUCTION

Amorphous silicon nitrides SiN

 

x

 

, together with sili-
con dioxide SiO

 

2

 

, are the main dielectrics used in mod-
ern silicon-based electronic devices. Silicon nitride
exhibits a unique memory effect, being capable of
localizing and capturing injected electrons and holes
with a giant time of localized carrier trapping (about
10 years at 300 K) [1]. In recent years, the memory
effect in silicon nitride has been used for developing
electrically re-writeable ROM devices of Giga- and
Terabit capacity [2].

There are two alternative models describing the
structure of amorphous layers of nonstoichiometric tet-
rahedral silicon compounds (SiO

 

x

 

, SiO

 

x

 

N

 

y

 

, SiN

 

x

 

): the
random mixture (RM) model and the random bonding
(RB) model [3–17]. The RM model assumes that SiN

 

x

 

comprises a mixture of two phases, amorphous silicon
(a-Si) and silicon nitride (Si

 

3

 

N

 

4

 

), and is composed of
SiSi

 

4

 

 and SiN

 

4

 

 tetrahedra [8, 10]. According to the RB
model, the structure of SiN

 

x

 

 represents a network com-
posed of SiN

 

ν

 

Si

 

4 – 

 

ν

 

 tetrahedra of five types with 

 

ν

 

 = 0

 

−

 

4
[3, 4, 11, 12]. Since amorphous SiN

 

x

 

 is synthesized
under thermodynamically nonequilibrium conditions,
the product structure depends on the method of synthe-
sis. In particular, it was established that the structure of
SiN

 

x

 

 obtained by plasma deposition is described by the
RM model [8]. Silicon-based devices also widely
employ SiN

 

x

 

 synthesized by high-temperature pyroly-
sis of silicon- and nitrogen-containing gas mixtures.
The silicon-containing component is typically silane
SiH

 

4

 

, silicon tetrachloride SiCl

 

4

 

, or dichlorosilane

1

 

SiH

 

2

 

Cl

 

2

 

, while the nitrogen-containing gas is ammo-
nium NH

 

3

 

. The process is carried out at a temperature
of 700–800

 

°

 

C. The structure (short-range order) of
SiN

 

x

 

 obtained by pyrolysis still remains unstudied.

Although the memory effect in SiN

 

x

 

 has been stud-
ied for more than a quarter of century, the nature of
traps responsible for the localization of electrons and
holes is still unknown [1, 3]. It was suggested [1] that
the role of traps for electrons and holes in SiN

 

x

 

 can be
played by silicon clusters. Recently, Park 

 

et al. 

 

[17]
observed a photoluminescence (PL) from quantum dots
in plasma deposited SiN

 

x

 

. Therefore, we may suggest
that amorphous silicon quantum dots can exist in pyro-
lytic SiN

 

x

 

 as well and can be detected by PL measure-
ments.

This paper reports on the results of investigations
into the short-range order, electron structure, and pho-
toluminescence in amorphous SiN

 

x

 

 synthesized by
pyrolysis. Based on the structural data, we propose a
model assuming large-scale potential fluctuations
caused by inhomogeneities of the local chemical com-
position of SiN

 

x

 

. The photoluminescence observed in
SiN

 

x

 

 (

 

x

 

 

 

≈

 

 4/3) is interpreted in terms of the optical tran-
sitions between quantum states of amorphous silicon
clusters.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUES

The experiments were performed with SiN

 

x

 

 samples
synthesized in a low-pressure reactor by chemical
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vapor deposition (CVD) at 760

 

°

 

C from a SiH

 

2

 

Cl

 

2

 

–NH

 

3

 

gas mixture. The samples of SiN

 

x

 

 with various compo-
sitions were obtained by changing the ratio of SiH

 

2

 

Cl

 

2

 

and NH

 

3

 

 in the gas phase. The SiN

 

x

 

 layers were depos-
ited onto 

 

p

 

-Si(100) substrates with a resistivity of 

 

ρ

 

 

 

≈

 

10 

 

Ω

 

 cm. The luminescence was studied in the samples
of SiN

 

x

 

 with 

 

x 

 

= 4/3 synthesized by decomposition of a
SiH

 

4

 

–NH

 

3

 

–H

 

2

 

 mixture at 890

 

°

 

C.

High-resolution X-ray photoelectron spectroscopy
(XPS) measurements were performed in a Kratos
AXIS-HS system using a source of monochromated
Al

 

K

 

α

 

 X-ray radiation with 

 

�

 

ν

 

 = 1486.6 eV. The natural
oxide film from the samples was removed by 2-min
etching in an HF–methanol mixture (1 : 30), followed
by rinsing in methanol. Prior to XPS measurements, the
samples were washed in cyclohexane and blown with
flow of dry nitrogen. The binding energies were mea-
sured relative to the 1

 

s

 

 peak of carbon in cyclohexane
with a binding energy of 285.0 eV. In cases of signifi-
cant positive charging of a sample, the charge was com-
pensated using a beam of low-energy electrons. All the
XPS measurements (except for the angle-resolved
ones) were performed for the sample surface oriented
perpendicularly to the electron energy analyzer axis
(zero polar angle).

In order to check that the XPS spectra reflect the
bulk properties of SiN

 

x

 

, we performed angle-resolved
measurements on a Phi Quantum 2000 spectrometer.
Figure 1 shows the XPS spectra of Si 2

 

p

 

 levels in
SiN

 

0.51

 

 measured for the photoelectron take-off angles
of 20, 45, and 90

 

°

 

. Weak angular dependence of the sig-
nal shape shows evidence that the bulk of a sample is
probed, so that the XPS data obtained reflect the bulk
properties of SiN

 

x

 

.

In the study of SiN

 

x

 

 layers with different composi-
tions (i.e., with variable 

 

x

 

), we have used a nearly
soichiometric silicon nitride (Si

 

3

 

N

 

4

 

) as a reference sam-
ple for determining the relative sensitivity factors with
respect to Si 2

 

p

 

 and N 1

 

s

 

 photoelectron lines. The ref-
erence sample synthesized at 800

 

°

 

C from a SiCl

 

4

 

–NH

 

3

 

mixture with a 1 : 10 ratio of components had a refrac-
tive index of 1.96 and exhibited a characteristic IR
absorption band at 3300 cm

 

–1

 

 due to the stretching
vibrations of SiN–H bonds. The calculated concentra-
tion of N–H bonds in this material was 2.1 

 

×

 

 10

 

21

 

 cm

 

–3

 

.
Thus, it was established that the reference sample had a
composition of SiN

 

1.41

 

H

 

0.05

 

.

The Raman spectra were measured on a Renishaw
Ramanscope spectrometer using He–Ne laser radiation
(

 

λ

 

 = 632.8 Å). The IR absorption spectra were recorded
on a Nicolet 550 spectrometer with a resolution of
4 cm

 

–1

 

.

The PL measurements for SuN

 

x

 

 (

 

x

 

 

 

≈

 

 4.3) samples
were performed at room temperature. The emission
spectra were normalized with respect to the sensitivity
of the detection system. The sample film thicknesses

determined using a laser ellipsometer was about 800 Å.
The PL excitation spectra were measured using a deu-
terium lamp of the DDS-400 type.

3. SHORT-RANGE ORDER
IN SiN

 

x

 

 BY XPS DATA

Figure 2 shows the experimental XPS spectra
(depicted by symbols) of Si 2

 

p

 

 levels in SiN

 

x

 

 samples
of various compositions. All these curves exhibit either
two peaks or one peak with a shoulder and are analo-
gous to the spectra reported previously [7, 9, 13].
Applicability of the RB and RM models to description
of the structure of SiN

 

x

 

 with variable composition was
checked by comparing the experimentally measured Si
2

 

p

 

 spectra to the results of calculations based on these
models.

Dashed curves in Fig. 2 show the XPS spectra cal-
culated in terms of the RB model. This model assumes
that the structure consists of SiN

 

ν

 

Si

 

4 – 

 

ν

 

 tetrahedra of
five types corresponding to 

 

ν

 

 = 0–4. The probability to
find the tetrahedron with a given 

 

ν

 

 obeys a binomial
distribution [6, 8]

(1)

The idea of using five types of tetrahedra for model-
ing the XPS spectrum of Si 2

 

p

 

 levels is based on the
assumption that only nearest-neighbor silicon and/or
nitrogen atoms contribute to the chemical shift of the Si
2

 

p

 

 electron state. Equation (1) also assumes the
absence of point defects such as =N–N= bonds, dan-
gling bonds (

 

≡

 

Si• and 

 

=

 

N•), and hydrogen bonds (Si–
H, N–H) in SiN

 

x (here, symbols “–” add “•” denote a
covalent bond and an unpaired electron, respectively).
The results of electron paramagnetic resonance (EPR)
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4
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ν
1 3x

4
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Fig. 1. The XPS spectra of Si 2p levels in SiN0.51 measured
for a photoelectron take-off angle of 20° (points) and 45°
and 90° (solid curves).
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measurements showed that the concentration of dan-
gling bonds ≡Si• and =N• in our samples did not exceed
1019 cm–3.

Theoretical convolutions of the Si 2p spectra were
obtained using XPSPEAK 4.1 program package [16].
The theoretical spectra were calculated assuming the
peaks corresponding to different SiNνSi4 – ν tetrahedra
to be equidistant (equally spaced on the energy scale).
The peak halfwidth (defined as the full width at half
maximum, FWHM) was taken either the same for all
peaks or linearly increasing as determined by extrapo-
lation between the peak halfwidth for Si and Si3N3. The
results of calculations according to the RB model
showed that the XPS spectrum of the Si 2p level in SiNx

must contain a single maximum (Fig. 2, dashed curves)
with the peak position being shifted toward higher
binding energies with increasing nitrogen content in
SiNx.

For the sake of generality, we have also checked for
the applicability of the RB model to description of the
structure of a disordered SiNx sample. The disorder was
produced by irradiating a SiN0.51 sample with a beam of
4-keV Ar+ ions. As can be seen from Fig. 3a, the struc-
ture of the initial SiN0.51 sample is not adequately
described by the RB model: the experimental XPS
spectrum exhibits two peaks corresponding (in the first
approximation) to the SiSi4 and SiN4 tetrahedra,
whereas the theoretical model predicts a single peak
with a maximum positioned at a Si 2p binding energy
of the SiN2Si2 tetrahedron (Fig. 3b). After irradiation,
nitrogen and silicon atoms are mixed and the sample
exhibits a tendency to form a substitution solid solution
(RB model). The XPS spectrum of the ion-bombarded
SiN0.51 sample displays a single peak with a binding
energy of the maximum close to that calculated within
the RB model (Fig. 3b).

The results of simulation of the XPS spectra of SiNx

within the framework of the RM model are depicted by
solid curves in Fig. 2. The spectra calculated using this
model show, in agreement with experiment, a tendency
to decrease in the fraction of a silicon phase in SiNx

with decreasing silicon content. However, the RM
model somewhat overstates the silicon phase fraction
and, in addition, predicts a dip approximately in the
middle of the spectrum presented in Fig. 2. In experi-
ments, however, such a dip is observed only for SiN0.51
and is absent in the XPS spectra of other samples.

Thus, neither RB nor RM models can quantitatively
describe the structure of SiNx compound. For this rea-
son, we propose an intermediate model illustrated in
Fig. 4. This model suggests the presence of separate sil-
icon (SiSi4 tetrahedra) and Si3N4 (SiN4 tetrahedra)
phases, as well as subnitrides (composed of SiN3Si,
SiN2Si2, and SiNSi3 tetrahedra) in the SiNx structure.
The proposed intermediate model assumes local spatial
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SiN1.04
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SiN0.72

SiN0.60

SiN0.51

Fig. 2. The XPS spectra of Si 2p levels in SiNx samples of
various compositions: symbols represent the experimental
spectra; the results of theoretical calculations are depicted
by solid (RM model) and dashed (RB model) curves.
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(b)

Fig. 3. The XPS spectra (points) of Si 2p levels in SiN0.51

measured (a) before and (b) after irradiation with 4-keV Ar+

ions. Solid curves show the results of calculations using the
RB model.
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fluctuations of the chemical composition of amorphous
silicon nitride. This model will be considered in more
detail in Section 6.

4. EXCESS SILICON IN SiNx 
BY DATA OF RAMAN SCATTERING

The XPS measurements do not provide information
on the spatial distribution of silicon in the SiNx struc-
ture. The chemical shift of the Si 2p level is sensitive to
the local chemical environment, but not to the long-
range order. Being nonpolar, Si–Si bonds do not con-
tribute to the IR absorption spectra either. At the same

time, the method of Raman scattering allows excess sil-
icon in SiNx to be detected.

Figure 5 shows the Raman spectra of SiNx samples
of various compositions grown on silicon substrates.
Here, an intense peak at 520 cm–1 is due to the longitu-
dinal optical phonons in the silicon substrate. For SiNx

samples with a low nitrogen content (x ≤ 0.72), there is
an additional weak signal in the region of 460–480 cm–1,
that is, at a frequency coinciding with the position of
the peak of Raman scattering in amorphous silicon
[18]. Previously, the Raman scattering from silicon in
SiNx was studied in [15]. Thus, the Raman spectra pro-

1 2 3 4 5 6 7

(a)
E = 0

χ = 2.0 eV

Φe = 1.5 eV

Eg(Si) = 1.6 eV

Φh = 1.5 eV

e

h

�ω Eg(Si3N4) = 4.6 eV

Ec

Ev

AA

Si SiNx Si3N4

(b)

Ec

Ev

Eg e

h

µ

Fig. 4. Schematic diagrams illustrating the proposed intermediate model of SiNx: (a) a two-dimensional diagram of SiNx structure
showing (bottom) the regions of a silicon phase, stoichiometric silicon nitride, and subnitrides and (top) the energy band profile of
SiNx in the A–A section (Ec is the conduction band bottom; Ev is the valence band top; Φe and Φh are the energy barriers for elec-
trons and holes at the a-Si–Si3N4 interfaces, respectively; Eg is the bandgap width; and χ is the electron affinity); (b) fluctuations of
the Shklovskii–Efros potential in a strongly doped compensated semiconductor (µ is the Fermi level).
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vide an unambiguous evidence of the presence of amor-
phous silicon clusters in SiNx.

The bandgap width in Si3N4 is Eg = 4.6 eV. However,
experiments reveal the optical absorption in Si3N4 at
photon energies below this value [1]. This signal can be
attributed to the absorption of light by silicon clusters
in a Si3N4 matrix. The existence of silicon clusters in
SiNx is also confirmed by data on the fundamental
absorption edge, according to which long-wavelength
absorption takes place at 1–2 eV [16]. Silicon clusters
with dimensions of 12–24 Å in hydrogenated silicon
nitride (SiNx:H) were observed in a high-resolution
electron microscope [17, 19]. The Raman spectra of
SiNx with x ≥ 1.04 exhibit no signal related to the scat-
tering from silicon clusters. However, this result does
not exclude the existence of such clusters: the lack of
the signal can be explained by insufficient sensitivity of
this method, related to small cluster size, low cluster
density, and small thicknesses of sample films (about
100 Å).

5. DETERMINING ENERGY BARRIERS
FOR HOLES AT THE Si–Si3N4 INTERFACE 

FROM XPS DATA

For a comparative study of the valence bands of
Si3N4, SiNx, and a-Si, we have measured the corre-
sponding XPS spectra. The samples of a-Si were pre-
pared by irradiating crystalline silicon with 4-keV Ar+

ions. The valence band of Si3N4 consists of two sub-
bands separated by an ion gap (Fig. 6). The narrow
lower subband is formed by N 2s orbitals with an
admixture of Si 3s and 3p orbitals [3]. The broad upper
subband is formed by the nonbonding 2pπ orbitals of
nitrogen and the bonding 3s, 3p, and 3d orbitals of sili-

con and 2p orbitals of nitrogen [20]. In addition, Fig. 6
presents the high-resolution XPS spectra of Si 3s, 3p,
and 3d levels at the valence band top of amorphous
SiN1.04 measured relative to the valence band top of
gold.

As can be seen, features of the valence band spec-
trum of SiN1.04 are generally analogous to those for
Si3N4, except for the region at the valence band top
(Fig. 6b). The high-resolution XPS spectra show that
the valence band top of a-Si coincides with that of gold.
The electron work function of gold is 5.1 eV. Therefore,
the valence band top of a-Si is spaced 5.1 eV from the
electron energy level in vacuum. The valence band top
of Si3N4 is spaced 1.5 eV from the valence band top of
a-Si (Fig. 6b). Therefore, the energy barrier for holes at
the a-Si–Si3N4 interface also amounts to 1.5 eV.

6. LARGE-SCALE POTENTIAL FLUCTUATIONS 
IN SiNx CAUSED 

BY SPATIAL INHOMOGENEITIES 
OF THE CHEMICAL COMPOSITION

According to the XPS data, SiNx comprises a mix-
ture of Si3N4, silicon subnitrides, and amorphous sili-
con. The silicon nitride phase is composed of SiN4 tet-
rahedra, subnitrides are composed of SiN3Si, SiN2Si2,
and SiNSi3 tetrahedra, and the amorphous silicon clus-
ters are composed of SiSi4 tetrahedra. The bandgap
width of Si3N4 is 4.6 eV, while that of amorphous sili-
con is 1.6 eV [19, 21] and that of silicon subnitrides
varies within 1.6–4.6 eV. Therefore, the bandgap width
in SiNx also varies from 1.6 to 4.6 eV. According to the
data presented in Section 5, the maximum scale of
potential fluctuations for holes is 1.5 eV. Since the
bandgap width of a-Si is 1.6 eV, the energy barrier for
electrons at the a-Si–Si3N4 interface amounts to 1.5 eV.
Thus, the maximum scale of potential fluctuations for
electrons in SiNx is also 1.5 eV.

Figure 4a presents the proposed model of large-
scale potential fluctuations caused by variations of the
local chemical composition of SiNx, as illustrated by a
two-dimensional diagram showing all possible variants
of the local (spatial) structure of silicon nitride. The
energy band diagram refers to the A–A section; the
straight line indicates the level from which the electron
energies are measured (vacuum level). A decrease in
the bandgap width Eg is evidence of the presence of
subnitrides in the silicon nitride matrix. The minimum
bandgap width (Eg = 1.6 eV) corresponds to the silicon
phase. This model assumes smooth variation of the
chemical composition at the boundaries between sili-
con clusters and the Si3N4 matrix. Our experimental
data do not allow the size of this transition region to be
estimated. We reckon that this size may be on the order
of several dozens of ångströms.

300 350 400 450 500 550

∆k, cm–1

SiN0.51

SiN0.72

SiN1.04
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Fig. 5. The Raman spectra of SiN1.04, SiN0.72, and SiN0.51

samples on silicon substrates. The peak at 520 cm–1 corre-
sponds to scattering in silicon substrate; the arrow indicates
the signal due to scattering from amorphous silicon clusters.
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Region 1 in Fig. 4a corresponds to a “quantum”
cluster (with dimensions L on the order of the de Bro-
glie wavelength of quasi-free electrons in a silicon clus-
ter) incorporated into the Si3N4 matrix. The ground
state energy in this cluster is E = �2/2mL2, where m is
the effective electron mass. Region 2 represents large
silicon clusters surrounded by Si3N4. In this case, there
is no transition layer of subnitrides and the energy band
diagram reveals a sharp Si–Si3N4 interface. Large clus-
ters do not feature quantization of the energy levels of
electrons and holes. Region 3 is a macroscopic silicon
cluster surrounded by a silicon subnitride phase. In this
situation, the transition from silicon to Si3N4 in the
energy band diagram is smooth. Note that, here and

below, we assume that the size of the transition region
occupied by silicon subnitrides is significantly greater
than the length of Si–N and Si–Si bonds (amounting to
1.72 and 2.35 Å, respectively). Region 4 corresponds to
a silicon subnitride cluster in the silicon nitride matrix.
Region 5 is a “quantum” silicon cluster incorporated
into the subnitride phase, and regions 6 and 7 represent
subnitride and nitride clusters, respectively, surrounded
by silicon.

Thus, fluctuations of the local chemical composition
of SiNx lead to large-scale spatial fluctuations of the
potential for electrons and holes. Previously, similar
models of large-scale potential fluctuations have been
developed for Si:H [23], SiC:H [24], SiCxOz:H [25],

20 10 0

N(2s)

Si(3s, 3p)

SiN1.04

Si3N4

Si3N4

SiN1.04

a-Si

Au

Au

a-Si

(a)

(b)

2 0 –2 –4
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Binding energy, eV

Binding energy, eV
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Fig. 6. (a) XPS spectra of the valence band of Si3N4, SiN1.04, a-Si, and Au (arrows indicate the energy position of the valence band
top); (b) the same spectra in the valence band top region recorded at a high resolution.
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and SiOx [26]. When an electron–hole pair is generated
in silicon subnitride, the electric field is directed in the
same direction for both electron and hole, thus favoring
their recombination (Fig. 6a). In the case of a radiative
recombination mechanism, SiNx is an effective radia-
tive medium. Figure 4b illustrates the Shklovskii–Efros
model of large-scale potential fluctuations in a strongly
doped compensated semiconductor [2 6]. According to
this model, the bandgap width is constant and the
potential fluctuations are caused by the inhomogeneous
spatial distribution of charged (ionized) donors and
acceptors. Here, the electron–hole pair production is
accompanied by spatial separation of electrons and
holes, thus not favoring their recombination.

7. PHOTOLUMINESCENCE 
OF SILICON NITRIDE SiNx

Figure 7 shows the room-temperature PL spectrum
of SiNx (x ≈ 4/3) with nearly stoichiometric composition
excited by quanta with an energy of 5.2 eV (curve 1).
The emission has a maximum intensity at an energy of
Elum = 2.4 eV. Approximated by a Gauss function, the
PL peak has a full width at half maximum (FWHM) of
Elum = 2.4 eV. The spectrum of excitation of the PL line
at 2.4 eV has a maximum at Eex = 5.2 eV. The PL exci-
tation spectrum approximated by a Gauss function has
the same FWHM (0.92 eV) as that of the emission spec-
trum. Deviations of the shape of the emission and exci-
tation spectra from the Gauss function are probably
caused by experimental errors.

In recent years, the PL spectra of silicon nitride
(SiNx) and oxynitride (SiOxNy) of variable composi-
tions have been observed in an energy interval of 2.2–

2.8 eV [27–32]. The PL excitation peak at 5.2 eV was
reported in [27, 30]. Park et al. [17, 19] studied the opti-
cal absorption and PL spectra of amorphous silicon
clusters in the Si3N4 matrix, observed quantum confine-
ment of electrons and holes at these quantum dots, and
determined the PL peak energy as a function of the
average size of amorphous clusters. As the cluster size
decreased from 29 to 13 Å, the PL peak shifted from 1.8
to 2.7 eV. According to [17, Fig. 1], the PL quantum
energy of 2.4 eV observed in our experiments corre-
sponds to a silicon cluster size of 17 Å. Figure 8 shows
a configuration diagram constructed using the available
PL and PL excitation data. The Franck–Condon shift
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Fig. 7. The spectra of (a) PL and (b) PL excitation in SiNx (x ≈ 4.3) at room temperature. Points represent the experimental data,
solid curves show the results of approximation by the Gauss function.
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Fig. 8. A configuration diagram of optical transition in a sil-
icon cluster: the lower and upper terms refer to the energies
of the ground and excited state, respectively. The optical
transitions at 5.2 and 2.4 eV correspond to excitation and
emission; 1.4 eV (polaron energy) corresponds to the
Franck–Condon shift.
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(polaron energy) Wt estimated from this diagram equals
to half of the Stokes shift: Wt = (Eex – Elum)/2 = 1.4 eV.

The width ∆ (FWHM) of the PL spectrum is related
to the phonon energy Wph in a single-mode approxima-
tion as

The phonon energy determined from this relation
amounts to Wph = 109 eV and the corresponding Hung–
Rice ratio is Wt/Wph = 12.7. This Wph value is signifi-
cantly greater than the phonon energy (60 meV)
reported for amorphous silicon [33]. The experimen-
tally determined phonon energy coincides with the
energy of Si–N bond oscillations in amorphous Si3N4

(900 cm–1 or 110 meV) [3]. The results can be
explained by a large surface to volume ratio for the sil-
icon clusters studied. Thus, the interaction in the
excited electron–hole pair is related to local oscillations
of the Si–N bonds at the boundary between a silicon
cluster and the Si3N4 matrix. Previously, a strong inter-
action in the excited electron–hole pairs in silicon nano-
clusters occurring in a SiO2 matrix was studied by mon-
itoring Si–O oscillations at low temperatures [34, 35].
Thus, according to the proposed interpretation, the
emission at 2.4 eV is related to the optical transitions
between quantum states of amorphous silicon clusters
with an average size of about 17 Å.

8. DISCUSSION OF RESULTS

As was mentioned above, amorphous SiNx can be
synthesized only under thermodynamically nonequilib-
rium conditions. The structure and properties of this
compound depend on the conditions of synthesis (the
temperature and gas pressure) and subsequent high-
temperature annealing [3]. We have studied the samples
of SiNx prepared at relatively high temperatures. The
structure of this material is adequately described by the
proposed intermediate model. Ion irradiation of the
samples modifies the structure so that it approaches that
described by the RB model. When the deposition tem-
perature is decreased (plasma deposition), the structure
of the synthesized SiNx compound is described by the
RM model [8].

Previously, it was demonstrated that the intermedi-
ate model describes the structure of an amorphous sili-
con oxide, which is analogous to that of SiNx and also
depends on the conditions of synthesis. In particular,
provided that the chemical composition is the same, the
optical bandgap width in SiO1.94 can be varied from 5.0
to 7.5 eV [36]. Note that the structure of silicon oxyni-
trides with variable composition SiOxNy is quantitatively
described (in contrast to the structures of SiNx and SiOx)
within the framework of the RB model [37, 38].

Basic differences between the proposed model of
large-scale potential fluctuations in SiNx and the Shk-

∆ 8W tWph 2.ln=

lovskii–Éfros model for compensated semiconductors
are as follows.

(i) Large-scale potential fluctuations in compen-
sated semiconductors are of electrostatic nature, being
related to the spatial fluctuations in the density of
charged donors and acceptors, while the bandgap width
is constant (Fig. 4b). The electric field caused by spatial
fluctuations of the potential favors separation of elec-
trons and holes. In SiNx, the potential fluctuations are
caused by inhomogeneities of the local chemical com-
position. In the proposed intermediate model (Fig. 4a),
no space charge is formed (unlike the Shklovskii–Efros
model) and the potential fluctuations favor the recom-
bination of electrons and holes.

(ii) The low-frequency dielectric permittivities of
Si3N4 and Si are 7.0 and 11.8, respectively. Therefore,
SiNx features spatial fluctuations of the permittivity.

(iii) According to the proposed model assuming
potential fluctuations in SiNx, this material is capable of
localizing electrons and holes in potential wells, as
experimentally observed in [1], with a giant time of
localized carrier trapping (about 10 years at 300 K).
The proposed intermediate model predicts the possibil-
ity of electron and hole percolation in the large-scale
potential [25, 26].

The presence of silicon clusters (i.e., regions of sig-
nificant excess of silicon) in SiNx is confirmed by
Raman scattering data. We believe that the excess sili-
con is not detected by Raman spectroscopy in nearly
stoichiometric silicon nitride (SiNx with x ≈ 4/3)
because of insufficient sensitivity of this technique. The
existence of silicon clusters in SiNx is confirmed by the
following experimental data:

(i) The EPR spectrum of SiNx displays a signal with
g = 2.0055 belonging to a Si atom with unpaired elec-
tron, bound to three other silicon atoms (≡Si3Si•) [39].

(ii) Low-energy electron loss spectrum of SiNx with
x ≈ 4/3 exhibits peaks at the energies of 3.2 and 5.0 eV,
which coincide with the energies of direct electron tran-
sitions in silicon [41].

(iii) The fundamental absorption edge in nearly sto-
ichiometric silicon nitride SiNx (x ≈ 4/3) is about 4.6 eV
[1, 42]. However, experiments on the photothermal
absorption [16] showed the presence of absorption in
the range from 1.7 to 3.9 eV. This result provides unam-
biguous evidence of the presence of excess silicon in
SiNx with x ≈ 4/3.

(iv) The transport of electrons and holes in silicon
nitride is conventionally interpreted within the frame-
work of the Frenkel mechanism, according to which the
Coulomb potential decreases in a strong electric field
[43, 44]. However, our recent results showed that using
this model at low temperatures leads to unreasonably
small values of the frequency factor (ν ≈ 109 s–1) and
anomalously large tunneling mass of electron (m* =
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5.0me) [45]. It was shown that the charge transfer in sil-
icon nitride in a broad range of temperatures and fields
can be quantitatively described using the theory of mul-
tiphonon ionization [45].

The thermal energy of trap ionization amounts to
1.4 eV [46], which coincides with the value of the
Franck–Condon shift estimated in this study. The
energy of local oscillations (60 meV) determined in
[46] corresponds to the frequency of oscillations of sil-
icon atoms in silicon clusters. These data provide inde-
pendent evidence that amorphous silicon clusters act as
traps for electrons and holes in silicon nitride.

Nevertheless, this study does not provide a straight-
forward proof of the existence of silicon clusters with
dimensions below 17 Å in nearly stoichiometric SiNx

with x ≈ 4/3. Previously [47, 48], we formulated a
hypothesis that the role of traps in silicon nitride can be
played by silicon clusters of minimal size, namely, by
Si–Si bonds. Indeed, Gee and Kastner [49] observed
the PL at 4.4 eV with an excitation energy of 7.6 eV
related to transitions on the Si–Si bonds. Our results
presented above do not exclude that Si–Si bonds are the
centers responsible for the luminescence at 2.4 eV and
for the trapping of electrons and holes in silicon nitride.
Thus, further investigations are necessary for judging
between the models of amorphous silicon clusters and
Si–Si bonds.

9. CONCLUSIONS

We have used high-resolution X-ray photoelectron
spectroscopy and Raman scattering to study the short-
range order in the layers of silicon nitride of variable
composition SiNx enriched with silicon. It has been
established that neither random bonding (RB) nor ran-
dom Si + Si3N4 mixture (RM) models can adequately
describe the structure of this compound. An intermedi-
ate model has been proposed, according to which the
SiNx structure comprises five types of tetrahedral units,
but the probability of finding a given tetrahedron type is
not described by the RB model. It is suggested that fluc-
tuations in the local chemical composition lead to
large-scale potential fluctuations.

The photoluminescence spectra and the photolumi-
nescence excitation spectra of SiNx have been mea-
sured and interpreted in terms of a model assuming
optical transitions between quantum states of amor-
phous silicon clusters. The Franck–condon shift is
1.4 eV, which coincides with the thermal ionization
energy of traps in SiNx with x = 4/3. This result shows
evidence that either amorphous silicon clusters or Si–Si
bonds (minimal silicon clusters) play the role of traps
for electron and holes in nearly stoichiometric silicon
nitride.
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