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The atomic structure of amorphous silicon nitride (Si3Ny) irradiated with different doses of boron (B™) ions and
with energy 100 keV is studied using photoelectron spectroscopy and infrared absorption. Irradiation with B*
ions leads to the broadening of the atomic Si 2s level toward lower energies, which indicates the formation of
silicon-silicon (Si-Si) bonds. The dispersion of the refractive index of irradiated SizNy is studied experimentally
and using quantum chemical modeling. The refractive index of Si3N, increases upon irradiation with B" ions.

Irradiation with B" ions is accompanied by a red shift of the fundamental absorption edge of Si3Na. This effect is
explained by a shift of the edges of the conduction band and valence band toward the middle of the forbidden
band due to the splitting of bonding and antibonding orbitals of Si-Si bonds with an increase in their concen-
tration. The increase in the refractive index and the red shift of the fundamental absorption edge of SizN4
irradiated with B™ ions are due to the formation of radiation defects, that is Si-Si bonds.

1. Introduction

The charge-carrier sign (electrons or holes) and the conductivity of
semiconductors are controlled by doping with donors which supply
mobile electrons, or acceptors which supply mobile holes. One of the
effective methods of doping semiconductors is ion implantation. As a
rule, ion implantation is carried out through a dielectric, silicon oxide
(Si0y), or silicon nitride (SigN4). The ion energy during implantation is
about a hundred electron-volts. During implantation, radiation defects
are formed in the dielectric, which are eliminated by a subsequent
annealing.

Amorphous silicon oxide SiO; and amorphous silicon nitride SizN4
are two key dielectrics in semiconductor devices. Thermal SiO5 on sili-
con has a low density of surface states, low density of traps in the bulk
and, therefore, is used as a gate dielectric in silicon field-effect transis-
tors [1]. SigN4, on the contrary, has a high concentration
(1018—1021 cm_g) of deep (1.5 eV) electron and hole traps [1,3]. The
nature of traps (their atomic and electronic structure) in SigN4 is a
subject of intense discussions [1-19]. The polaron and bipolaron nature
of traps is discussed in [3]. Undercoordinated and overcoordinated
atoms of silicon and nitrogen are considered in [1,15-19]. Paramagnetic
defects are considered as traps [4-6]. The polaron model of the
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diamagnetic Si-Si bond [9-13] and impurity atoms of aluminum or
oxygen are considered [14].

SisN4 has a memory effect — the ability to localize electrons and
holes injected into it with a giant lifetime in a localized state (10 years at
85 °C) and is used in TANOS (TaN-Al;03-Si3N4-SiO-Si) charge trap flash
(CTF) memories [20,21]. The non-volatile Resistive Random Excess
Memory (ReRAM) is being developed based on silicon nitride. Such
memory, compared to CTF, has a high (~10%) number of reprogram-
ming cycles and high performance in the reprogramming mode
(~100 ns) [22]. Both stoichiometric SigN4 [23] and ion-implanted SigNy4
[24] are used as an active medium in ReRAMs. To understand the
physics of flash memory devices and ReRAM, it is important to establish
the nature of the defects responsible for the memory properties of SigNy.

In [25], the fundamental absorption edge of amorphous Si3gNy irra-
diated with neon ions and obtained by the Low Pressure Chemical Vapor
Deposition (LPCVD) method was studied. It was found that the funda-
mental absorption edge shifts toward lower energies, depending on the
synthesis technology, by 0.5-1.0 eV. Annealing at 700 °C leads to the
reverse shift of the absorption edge toward higher energies. In [25], it is
indicated that the shift of the absorption edge upon irradiation is due to
the disorder in the silicon nitride structure. However, the nature (atomic
structure) of the defects responsible for the shift of the absorption edge
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of irradiated Si3N4 has not been established. In [26], the charge accu-
mulation and discharge in silicon nitride irradiated with boron and
phosphorus ions in microelectromechanical systems is studied. The na-
ture of the defects arising during irradiation was not studied.

The aim of this work is to study the effect of irradiation with B™ ions
on the optical properties of Si3N4, which are refractive index and
fundamental absorption edge. Another aim is to establish the origin of
defects responsible for the red shift of the absorption edge and the in-
crease in the refractive index in B*-irradiated amorphous SizNj.

2. Experimental methodology and quantum chemical modeling

Amorphous Si3gNy films were synthesized from a mixture of silane
SiH4 and ammonia NHs at 850 °C, the ratio SiH4/NH3 = 1/100. To study
the photoelectron spectra, 160 nm thick SigN4 films were deposited on n-
type silicon with the (100) orientation. For optical measurements, SizN4
was deposited on sapphire substrates. The thickness and refractive index
were measured using an ellipsometer at the wavelength of 632.8 nm.
SisN; was irradiated with 100 keV B* ions in the dose range from
3 x 102 ecm ™2 to 3 x 10'® em™2. The annealing of irradiated SigN4 was
carried out in a nitrogen atmosphere at 700 °C for 30 min.

X-ray photoelectron spectra were measured using the SPECS’s X-ray
Photoelectron Spectra (XPS) machine with monochromatic Al Ko radi-
ation (E = 1486.74 eV). Optical reflection and transmission spectra were
measured on an SF-56 spectrometer, LOMO-Spectr, St. Petersburg,
Russia. Infrared transmission spectra were measured on an FT-801
Fourier spectrometer, SIMEX, Russia.

The atomic and electronic structure of SiNy was calculated within the
density functional theory (DFT) in the periodic 3D cell model in the
Quantum ESPRESSO package [27]. The exchange—correlation functional
of the PBEsol parameterization, optimized norm-conserving Vanderbilt
pseudopotentials and the cutoff energy of the plane-wave basis set of 70
Ry were used. The method used gives a SisN4 bandgap value close to the
experimental one, i.e. E; = 4.55 eV. SiNy (x = 1.17, 1.0, 0.83 and 0.67)
structures were created by successive removals of various numbers of
nitrogen atom pairs, followed by adding the corresponding number of
hydrogen atoms for the charge neutralization in a 28-atom unit cell of
a-SigNy4 (P31c). In [28], it was shown that the SiL, 3 emission spectra of
amorphous SigN4 and a-SigN4 have a similar shape. These data indicate
that the electronic structure of these materials is similar. After full
structural relaxation calculations of all possible combinations, SiNy
structures with the lowest total energy were selected. After the elec-
tronic structure calculation, the optical spectra and the total density of
states (TDOS) spectra were simulated by using the k-point grid 8 x 8 x 8.

3. Distribution of boron and defects in irradiated SizN,4

The STRIM-2013 program was used to calculate the distribution of
implanted B™ in the SizN4/Si-substrate system. The 160 nm thick Si3N4
layer was set with the density of 3.44 g/cm®. The silicon substrate
thickness was 500 nm. The implantation of 10,000 B™ ions was calcu-
lated at the energy of 100 keV with the implantation angle of 0 degrees.
The calculation results are shown in Fig. 1. The calculated boron ion
tracks after the implantation are shown in Fig. la. For Fig. 1b and c,
10,000 boron ions were recalculated to the maximum dose of
3 x 10% cm™2 from the experiment.

It is evident from the distribution of boron ions in Si3N4 after the ion
implantation (Fig. 1b) that the bulk of the ions goes into the silicon
substrate. The concentration of generated nitrogen vacancies, as a result
of implantation, are shown in Fig. 1c; the bulk of the generated nitrogen
vacancies recombine later, but some of them remain. When calculating
the optical spectra, for simplicity, we assumed a uniform composition of
the SisNy film after irradiation with B™ ions.
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Fig. 1. (a) Calculated tracks of 10,000 B" ions in the Si3N4/Si structure. The
track is white. The collision sites of the boron ion with nitrogen in SizN, is cyan.
The collision sites of boron ion with Si in the substrate is magenta. (b) The
distribution of BT in Si3N,4 after ion implantation. (c) Generated N vacancies
due to the implantation of B* ions. The implantation energy is 100 keV, and the
maximum implantation dose is 3 x 10'° cm™2.

4. Photoelectron spectroscopy of irradiated SisN4

To establish the nature of the defects responsible for the low-energy
shift of the fundamental absorption edge of irradiated SisNy, the
photoelectron spectra of the atomic Si 2s levels were studied (Fig. 2a).

The B* ion irradiation is accompanied by low-energy broadening of
the Si 2s atomic level, similar to the case of the Si 2p atomic level in
silicon nitride SiNy enriched with excess silicon [29,30]. The low-energy
broadening of the Si 2s level upon the B ion irradiation indicates the
formation of Si-Si bonds in implanted SigN4. Fig. 2a are the experi-
mental XPS spectra of the Si 2s atomic level of B* ion-irradiated SigN4
and the original SigNy film, as well as the calculated Si 2s spectra of these
materials. When calculating the Si 2s spectra of BT ion-irradiated SizNy,
it is assumed that five types of SiN,Si4., tetrahedra (wherev =0, 1, 2, 3,
4) contribute to the Si 2s spectrum. The indication SiN,Si4, means that,
in the center of each tetrahedron, there is a Si atom surrounded by four N
or Si atoms depending on the parameter v. Five types of Gaussian
tetrahedra with equidistant energy maxima are used. Using the results of
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Fig. 2. Experimental XPS spectra: (a) of the level (squares) for ion-implanted Si and the initial Si3zN4 film, and their deconvolution (solid lines). Notations Si4+, Si“,
Si%*, sil* and Si° indicate the contributions to the Si 2s spectrum from five SiN,Si4_, tetrahedra, where v =0, 1, 2, 3, 4. The dotted line shows the Si 2s spectrum after
irradiation and subsequent annealing. (b) SizNy4 valence band before irradiation (triangles) and after irradiation with B ions (squares). The irradiation dose of Si3N,

with B* ions is 3 x 10 cm™2.

[31,32], the energy position (E,) and half-width (s,) of the Si 2s state
were determined for Si (SiSi4 tetrahedron): Eg = 151 and 69 = 1.1 eV; for
Si3gNy (SiNy4 tetrahedron): E4 = 152.6 and 64 = 1.5 eV [32]. The positions
E, and half-widths o, of the intermediate, three Gaussian functions of the
Si 2s states (v = 1, 2, 3) for the SiN3Si SiN,Si; SiNSis tetrahedra were
determined by the linear interpolation of the Ey(6¢), E4(c4) values using
the number of silicon atoms as a parameter. Using the given basis of five
Gaussian functions, the experimental Si 2s spectrum of SiNy can be
decomposed as follows:

4 _ 2
I(E) =" W,,exp( - %) €Y}
v=0 v

where I(E) is the calculated spectrum, E is the energy and W, is the
contribution to the Si 2s spectrum from the SiN,Si4_, tetrahedra, v = 0,
1, 2, 3, 4. The W, values were selected based on the best agreement
between the calculated and experimental spectrum. The modeling of the
Si 2s spectrum of implanted SisN4 showed that the main contribution to
the Si 2s spectrum is made by the tetrahedra SiSiy4, SiSi;N3, SiSioNo, and
SiN4 (Fig. 2a). Thus, the results of photoelectron spectroscopy indicate

that Si-Si bonds are formed when Si3Ny is irradiated. The experimental
XPS spectra of the SigN4 valence band, before irradiation [9] (triangles)
and after irradiation (squares) with B ions (dose 3 x 104 crn’z), are
shown in Fig. 2b. After irradiation with B ions, a shift of the valence
band top to the middle of the band gap is observed, which indicates a
decrease in the value of E.

5. Optical properties of irradiated SigN4

The infrared transmission spectra of irradiated SisN4 on a silicon
substrate, before and after annealing, are shown in Fig. 3. Polar Si-N
bonds with large dipole moments make the largest contribution to the
spectra. Covalent Si-Si bonds in irradiated SisN4 do not contribute to the
infrared absorption, since the dipole moment of the Si-Si bond is zero.
The stretching vibrations of the Si-N bond have a transmission mini-
mum of about 850 cm ™! (~12 pm), and the vibrations of the Si-N-Si
bridge have a transmission minimum of about 430 cm ! (~23 pm).
When SisN4 was irradiated with B* ions, the transmission at 850 cm™!
and 430 em ! increased. An increase in the infrared transmission in-
tensity for the stretching vibrations of the Si-N bonds in SizN,4 implanted
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Fig. 3. Infrared transmission spectrum of the initial SizNy, and SisN, films irradiated with B* ions (dose 3 x 10'* cm~2) before and after a subsequent annealing.
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with B ions in Fig. 3 indicates the rupture of the Si-N bonds according
to the reaction.

=Si-N= - =Si- + N= ()

As a result of the =Si-N— bond rupture, a triple-coordinated atom
with an unpaired electron =Si and a double-coordinated nitrogen atom
with an unpaired electron =N are formed. When irradiated, nitrogen
atoms move into the interstitial space. It follows from Fig. 3 that when
Si3Ny is irradiated with BT ions, approximately five percent of the Si-N
bonds is ruptured according to reaction (2).

The annealing is accompanied by the return of the spectra to the
initial state (Fig. 3). Such behavior of the infrared transmission spectra
can be explained by the rupture of the Si-N bonds during the irradiation
of SigN4 and the subsequent restoration of the Si-N bonds during
annealing. This phenomenon is discussed in the next paragraph.

The reflection spectra of SisN, irradiated with B" ions on silicon are
shown in Fig. 4. The refractive index of the silicon substrate is greater
than that of the SisNy4 film. For this case, the minimum in reflection
(from the antireflection coating) is the minimum thickness, which is a
multiple of a wavelength quarter:

m+3

n()ed=—"21 (3)

the maximum in reflection (minimum in transmission)

i)

n(i) ed= 3

@
where 1 is the wavelength, m is the interference order, d is the SigN4
thickness, which we determined using ellipsometry. Reflectance oscil-
lations are due to interference. An increase in the B™ ion irradiation dose
is accompanied by a shift in the reflection maxima toward lower en-
ergies. The spectral dependence of the refractive index of SizNy irradi-
ated with B" ions is shown in Fig. 5a. When Si3Ny is irradiated with BT,
an increase in the refractive index is observed. An increase in the irra-
diation dose is accompanied by an increase in the refractive index,
similar to what is observed when non-stoichiometric SiNy is enriched
with excess silicon [33]. The increase in the film refractive index, as a
result of irradiation, is most likely due to the process of creating a high
concentration of Si-Si bonds in the film, which is equivalent to the
formation of non-stoichiometric silicon-enriched silicon nitride SiNy.
The n(hv) spectra calculated within the DFT for silicon nitride with
different levels of silicon enrichment show a similar pattern of curves,
where the vertical shift of n(hv) towards larger values is greater as the
value of x = [N]/[Si] decreases (Fig. 5b). The lower the value of x is, the
higher is the concentration of Si-Si bonds. The qualitative agreement
between the experimental and theoretical n(hv) spectra for energies up
to 3 eV indicates that the irradiation of SisN4 with B™ ions leads to the

100 T T T T T
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60

R (%)

40

20
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Fig. 4. Reflectance spectra of SizNy irradiated with B* ions on a silicon sub-
strate. Initial and irradiated SisN, with the 100 keV B* ions implantation at the
dose D=3 x 10%cm 2,3 x 10"* em 2 and 3 x 10'® cm 2. The numbers in the
figure indicate the positions of the interference maxima.
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Fig. 5. Spectral dependence of the refractive index n of SizN4 with different
irradiation doses of B™ ions (a); n(hv) spectra calculated from first principles for
SiN, with different x values (b).

formation of a high concentration of Si-Si bonds. Thus, in terms of op-
tical properties, stoichiometric SisNy films irradiated with BT ions are
equivalent to non-stoichiometric silicon-enriched SiNy films (x < 4/3).
The discrepancy between the calculated and experimental curves
(Fig. 5b) is expected and is explained by the use of bulk crystals in the
simulations and a simplified approach for the dielectric functions
calculation using the Random Phase Approximation (RPA) method.
More accurate approaches, like using the time-dependent DFT (TD-
DFT), or the Bethe-Salpeter equation, are too resource-intensive for such
large atomic systems. The features of the n(E) spectra at energies above
3 eV for SiNy (x < 4/3) can be explained by the corresponding optical
transitions between occupied and unoccupied states near the valence
band top and the conduction band bottom, as well as between defect
levels within the bandgap (discussion below). Due to the use of a simple
calculation model, a detailed analysis of these transitions was not
conducted.

The transmission spectra of Si3N4 on a sapphire substrate irradiated
with different doses of Bt ions are shown in Fig. 6. When Si3N, is irra-
diated with B" ions, a decrease in transmittance conditioned by the
absorption due to the formation of Si-Si bonds is observed.

The irradiation with B" ions is accompanied by a decrease in the
transmission of irradiated SizN4 in the energy range of 3.5-6.0 eV. The
spectral dependence of the fundamental absorption edge of the initial
and irradiated SigNy4 film is shown in Fig. 7 The absolute accuracy of

100

0 1 1 1
“hv (ev)°

Fig. 6. Transmission spectra of SizN4 (with thickness 160 nm) on a sapphire
substrate irradiated with different doses of B" ions. 1- initial SisN4, 2-4 —
irradiation with BY jonss 2 - D = 3 x 102 cm?
3-3 x 10" em™2, 4-3 x 10'° em ™2
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Fig. 7. Spectral dependence of the absorption coefficient of SisN4 with different irradiation doses of B* ions (circles) and the calculated ones using the Urbach rule
(solid lines) (a); Calculated TDOS spectra of SiN, depending on the composition (b). The spectra are superimposed by the position of the N 2s peak 14.3 eV below Ey,
and the Ey position of SizN, is taken as the zero energy. The energy values E, for different values of x are presented in the figure.

determining the band gap width of irradiated SigNy4 in Fig. 7a is low
(about 0.5 eV), but the relative accuracy of estimating E; at a quantum
energy corresponding to the absorption at the absorption coefficient of
10* is ~0.1 eV. The optical absorption dispersion spectra a for silicon
nitride films with different B" ion irradiation doses allow us to estimate
from above the bandgap value as the photon energy at which « is
10 cm™! (the so-called optical gap Ep4) (Fig. 7a). It can be seen that, for
the initial and irradiated films with doses of 3 x 102 cm™2
3 x 10" ecm 2 and 3 x 10 cm’z, the Eg4 values are 5.2 eV, 5.1 eV,
4.8 eV and 4.5 eV, respectively. Thus, with an increase in the irradiation
dose of the silicon nitride film with BT ions, a shift of the optical ab-
sorption edge to the long-wavelength region of the spectrum is observed.
A similar decrease in the bandgap is observed with a decrease in the
coefficient x = [N]/[Si] for SiNy, as evidenced by the calculated TDOS
(Fig. 7b).

This decrease is caused mainly by a shift of the conduction band edge
E¢ and the valence band top Ey into the bandgap. The SiNy valence band
top is formed mainly by atomic Si 3p orbitals corresponding to the
bonding c-orbitals of Si-Si bonds, and the shift of Ey toward higher
energies is explained by an increase in the energy of these orbitals with
an increase of nitrogen vacancies concentration (decrease in the
parameter x value (Fig. 8)). The shift of E¢ toward lower energies is
explained by a decrease in the energy of the antibonding o*-orbitals of
Si-Si bonds with an increase of the nitrogen vacancies concentration.
The bonding and antibonding orbitals of the Si-Si bond are located near

x=4/3 SiN y
SiN, X<4/3
A _R N
o'Si-Si E,
EF~46eV
Y / \//’ '
B'irradiation

Fig. 8. Schematic representation of the reduction in the bandgap of SiNy and
irradiated SizN4 due to the presence of Si-Si bonds.

the top of the valence band and the bottom of the conduction band of
SigN4 [34,35]. An increase in the concentration of Si-Si bonds during
irradiation, due to the removal of degeneracy, leads to a decrease in the
bandgap of SiN, and Si3N irradiated with B* ions (Fig. 8). Previously, a
low-energy shift of the fundamental absorption edge was observed upon
the irradiation of silicon nitride with neon ions and protons [25]. A
similar low-energy shift of the fundamental absorption edge is observed
upon the enrichment of nonstoichiometric SiNy with silicon [29,30].
Also, we calculated optical absorption dispersion spectra (solid lines in
Fig. 7a) using the Urbach rule [36]: @ = ap x exp((hv—Ep4)/Ey), where
ap and Ey (Urbach energy) are model parameters. The agreement with
the experiment was obtained with the following parameters:
09 =9.7 x 103 ecm™!, Ey = 0.39 eV for Egy = 5.2 and 5.1 eV; Ey = 0.55 eV
for Eg4 = 4.8 and 4.5 eV. Calculations show that with an increase in the
dose of irradiation of SisN4 with B™ ions, the value of Ey increases.

6. Discussion of results

As a result of the rupture of the =Si-N— bond during irradiation,
according to reaction (2), two intrinsic paramagnetic complementary
defects are formed: a triple-coordinated silicon atom with an unpaired
electron =Si- and a double-coordinated nitrogen atom with an unpaired
electron =N. This is indicated by a decrease in the absorption coefficient
of vibrational spectra in the infrared region of the spectrum. In work
[37] it was shown that enrichment with silicon SizNy4 leads to a decrease
in the absorption coefficient and a decrease in the gap value. The in-
crease in the refractive index and the low-energy shift of the funda-
mental absorption edge of irradiated SisN4, as quantum-chemical
modeling indicates, are due to the formation of Si-Si bonds. The for-
mation of Si-Si bonds in irradiated SigN4 is directly indicated by the
broadening of the Si 2s atomic level and the shift of the spectrum to the
low-energy region, i.e. towards the silicon states in Fig. 2.

After the irradiation of SizNy4, the paramagnetic defects =Si and =N
recombine in pairs according to reactions (3) and (4):

=Si- +-Si= —» =Si-Si=, 5)

As a result of the recombination of paramagnetic =Si- and —=N-
defects in irradiated SizN4, diamagnetic Si-Si and N-N bonds are
formed. The formation of Si-Si bonds leads to a bandgap narrowing. The
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spectral dependence of the absorption coefficient and quantum me-
chanical calculations confirms this. A decrease in the bandgap width
with the increasing enrichment of SiNy with silicon was observed in
[38,39]. Also, the refractive index of Si in the IR region of the spectrum
is 3.9 [40], while the refractive index of SisN,4 is ~2 [41]. Therefore, an
increase in the number of Si-Si bonds in SiNy leads to an increase in its
refractive index (Fig. 5). During the annealing of irradiated SisNy, the
interaction of Si-Si and N-N bonds takes place according to the reaction

=Si-Si= + =N-N— - 2 =Si-N— )

This is indicated by a decrease in the infrared transmittance of
irradiated SisNy4 at 850 cm ™! during annealing (Fig. 3).

7. Conclusion

The effect of irradiation with B' ions on the structure and optical
properties of amorphous SizN4 was studied. Irradiation with BT ions
leads to a red shift of the fundamental absorption edge and an increase in
the refractive index of SisN4 According to the quantum-chemical
modeling, the red shift of the absorption edge and an increase in the
refractive index during the irradiation with B" ions in SisN4 are
explained by the formation of intrinsic radiation defects, Si-Si bonds.
Annealing leads to the recovery from radiation defects in irradiated
SigNy.
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