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The heights of barriers for the injection of electrons and holes from silicon in SiO, have been calculated in the
tight binding approximation without any fitting parameters. The dependence of the electronic structure of
silicon-enriched amorphous silicon oxide SiO, on the degree of enrichment has been found. The calculations
have been performed with the parameterization of the matrix elements of the tight binding Hamiltonian pro-
posed in our previous work. This parameter involves a change in the localization region of valence electrons
of an insulated atom at its introduction into a solid. It has been shown that the inclusion of this change makes
it possible to calculate the electronic structure without fitting parameters using the parameters of individual
atoms as initial data. This circumstance allows the calculation in the absolute energy scale with zero corre-

sponding to the energy of the electron in vacuum.
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Silicon oxide is one of the key insulators in tech-
nology and design of silicon devices [1, 2]. New inter-
est in SiO, is stimulated by the development of high-
speed resistive flash memory of a new generation [3—
5]. A resistive memory effect was discovered in non-
stoichiometric silicon oxide SiO, at x < 2. This effect
means that its resistance varies exponentially at the
application of a voltage and the resistance does not
change in time [6]. Resistive flash memory can have a
response time of 1 ns, which is seven orders of magni-
tude smaller than a response time of 10 ms of currently
dominant commercial memory based on silicon
nitride. Furthermost, resistive memory can withstand
10" programming cycles as compared to 10 cycles for
memory based on silicon nitride. All these circum-
stances stimulate a rapid increase in the number of
studies of nonstoichiometric silicon oxide [7—9].

A key unsolved problem in the physics of the resis-
tive memory effect in SiO, is understanding of mech-
anisms of charge transport (electrons and holes)
through an insulator. The probability of the injection
of electrons and holes from a contact to the insulator
depends exponentially on the barrier height at the
contact—insulator interface [10, 11]. To date, only a
qualitative theory of the dependence of the width of
the band gap on the composition of SiO, has been
developed [12, 13]. However, the interpretation of
experiments on the charge transport in a resistive flash
memory cell based on SiO, requires quantitative data

on the heights of the electron and hole barriers on
contacts.

This circumstance imposes certain requirements
on the calculation method. In particular, ab initio
density functional theory calculations underestimate
the width of the band gap of the insulator. For exam-
ple, the width of the band gap E, of Ta,0s5is 1.3eV[14,

15], whereas E, for various modifications of HfO, lies
in the range of 3.2—3.8 eV [16], and the experimental
E, value is 4.2 eV for Ta,Os [12] and 5.6 eV for HfO,
[1]. Cluster quantum chemical methods are also inap-
propriate for these calculations because of quantum
confinement effects.

Band calculation methods cannot be used to calcu-
late the electronic structure of amorphous solids
because translational symmetry is absent in them. It is
noteworthy that the feature of SiO, is a compositional
disorder caused by a random substitution of silicon
atoms for four oxygen atoms in a SiO, tetrahedron.
This disorder can be described within the Bethe lattice
model. For this reason, to calculate the electronic
structure of SiO, with a variable composition, we used
the ab initio tight binding method with the generalized
Bethe lattice model proposed in [17] as a structural
model. Such method and model were chosen because
their application in our previous calculations of the
electronic structure of broadband insulators SiO,N,,
[18] and SiN, [19—21] with variable composition gave
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the positions of the edges of the band gap in good
agreement with experimental data.

We calculate the electronic structure of SiO, in
terms of the local density of states at sites of the lattice
of the insulator. Such a calculation gives not only the
form of the electronic structure but also the partial
contribution of atomic states to the features of this
structure. The method used in this calculation was
described in detail in [18—21]. The local density of
states at sites of the lattice is given by the expression

1
Nioc = __Im(Gi(x,ia)a
T
where G, ;,(E + i0) is the diagonal matrix element of

the one-electron Green’s function, which is the solu-
tion of the system of equations

D I(E + 008, 8,y = Hig )Gy jp(E +i0) = 8,855 (1)
Ly

Here, Latin subscripts specify the positions of atoms in
the lattice, Greek subscripts enumerate atomic orbit-

als, and H,,,, are the matrix elements of the tight-
binding Hamiltonian in the site representation:

H = ZEI‘Q&;}(@M + ZB:Via»fﬁélEéiB + Hec. (2)
iol 7

The determination of the matrix elements of the tight-
binding Hamiltonian is the most important for the
calculation of the local electronic structure. In the
simplest variant of the tight-binding method, the diag-
onal matrix elements of the tight-binding Hamilto-
nian H,, ;, are taken to be the energy of the atomic
level of the ath orbital of the ith atom in an insulated
state. The off-diagonal matrix elements are accepted
to be proportional to the overlap integrals of the orbit-
als of neighboring atoms in the lattice. This variant
disregards charge transfer between atoms in the crys-
tal, which occurs in ionic and ionic covalent crystals.
A change in the localization region of valence elec-
trons at the introduction of individual atoms in the
crystal is also ignored. As will be shown below, charge
transfer and the change in the localization region of
valence electrons of atoms of a solid significantly
affect the matrix elements of the tight-binding Hamil-
tonian. It is noteworthy that charge transfer was taken
into account in [22, 23] by introducing an intra-
atomic Coulomb correlation proportional to the trans-
ferred charge. However, it was disregarded that a
change in the charge state changes the localization
region of introduced atoms and that the interatomic
distance in a solid is not the sum of covalent radii of
atoms composing the insulator. For this reason, cor-
rections proposed in [22, 23] did not provide quantita-
tive agreement between the calculated electronic
structure and experimental data. For agreement
between the calculation and experimental data, Harri-
son [23] had to fit matrix elements of the tight-binding
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Hamiltonian to the experimental result, which
reduced the predictive validity of these calculations.

In this work, we take into account changes in the
localization region of valence electrons of silicon and
oxygen at the introduction of their atoms in SiO,. The
corresponding changes in the intra-atomic potential
energy of valence electrons and their kinetic energy, as
well as in the matrix elements of the tight-binding
Hamiltonian for SiO,, are calculated. In particular,

the diagonal matrix element H,,,, = E,, for the ith
site with the ath type of wavefunction can be repre-
sented in the form

H,

io,io

0
= H‘a,iu + Ui(x

7

- T;'(xa (3)

where H, ,%L, i, 1s the diagonal matrix element of the indi-
vidual atom, 7}, is the change in the intra-atomic

kinetic energy, and U,, is the additional Coulomb
repulsion caused by the change in the localization
region of valence electrons at the formation of the
solid. These changes can be represented in the form

oY o(d
]:'oc = T/"(x E_I) ’ Uioc = Uioc (_Ij (4)

a;
h2
2m(a])’
individual atoms, af) is the radius of the ith atom in the

isolated state, g; is the ionic radius of this atom with a
charge corresponding to its charge state in the solid.
Below, we use a quadratic interpolation of the depen-
dence of the radius of the atom on its charge state,

and U’

"

Here, TP =

o are the parameters of

G, =a + kN, + k0N Q)

Here, 8N, = N, — N, ) is the change in the number of

1

electrons in the ith atom at its introduction into a
solid, N; = zan,.a, and the coefficients k;; and k,; are

obtained by the extrapolation of the ionic radii of
atoms to fractional charges.

The off-diagonal matrix elements H,, ;5 are linear
combinations of two-center parameters. Expressions
for two-center parameters were given in [23] and are
not presented here because they are lengthy. For the

calculation, we use the following formula proposed in

[18]:
Vs = 2T phioh s (6)
where
Ep
_ 1
Rio, = j —=1Im(Gjy ;o )AE. (7)
T

—oo

Under this definition, the diagonal and off-diagonal
matrix elements depend on the atomic levels of the ini-
tial atoms and their local coordination in the lattice
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Table 1. Radii of silicon and oxygen ions in different charge

states
Ion (—=3e) | (—2e) 0) (+4e) | (+5e)
a;(Si) 1.98 — 1.17 0.39 -
a (0) 1.32 0.75 — 0.15

through the occupation numbers and should be deter-
mined self-consistently.

The initial atomic and ionic radii taken from [24]
are presented in Table 1. As seen in Table 1, the radius
of the introduced atom depends noticeably on its
charge state and should also be determined self-con-
sistently. Since the distance between atoms in a solid is
not the sum of ionic radii determined by Eq. (6), we
additionally scaled the radii found for Si and O atoms

introduced into silicon oxide according to the
expression
. d
a =a———-. (8)

The diagonal matrix elements of the Hamiltonian

of individual Si and O atoms H f , Hg, and H SO* and
those for introduced into silicon oxide H, H,, and

H,. are presented in Table 2. The intra-atomic Cou-
lomb repulsion taken from [13] is 7.64 and 13.15 eV for
silicon and oxygen, respectively.

Amorphous SiO, can be considered as a continu-
ous chain of silicon atoms randomly bonded to either
oxygen or silicon atoms. This structure is simulated by
the generalized Bethe lattice model, where the Si—O
and Si—Si bonds occur with the probabilities p and 1 —
p, respectively. Since the silicon and oxygen atoms are

20 77

1.5
v=2 ,/’/ %— 0
1.0

Olel)
1Ny

Fig. 1. (Dashed line) Total charge on silicon atoms, (hori-
zontal straight lines) charges on silicon atoms in the vth
tetrahedron, and (solid lines) charges on silicon atoms in
the vth tetrahedron multiplied by the probability of the
existence of this tetrahedron in SiO, versus x.
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Table 2. Diagonal matrix elements of the Hamiltonian

Atom|  HI/H, Hy/H, H/H,
Si —14.79/-8.301| —8.08/—1.701 | —3.11/—3.269
O | —33.85/—26.233 | —17.19/—9.573 | —7.94/—0.323

four- and twofold coordinated, respectively, SiO, can
be represented as a set of random Si—Si, O, _, tetrahe-
dra with a Si atom at the center of a tetrahedron, where
v = 0—4 is the number of Si—Si bonds and 4 — v isthe
number of Si—O bonds in the vth tetrahedron. The
distribution of such tetrahedra satisfies a binomial law

W,(p)=Cip“ (- p). 9)

In this model, the probability is p = x/2 and varies
from 0 to 1 at the Si — SiO, transition.

The generalized Bethe lattice model partially
involves closed rings of bonds between sites of the lat-
tice and, in combination with the tight-binding
method, is used to model the electronic structure of
disordered media (e.g., [17]). As was shown in [13],
the topology of the generalized Bethe lattice imitates
well the disordered topology of bond rings in amor-
phous structures at the calculation of features in the
energy density of states. In particular, in the general-
ized Bethe lattice model, the centers of gravity of
bands are not displaced, and the charge filling of
energy bands, as well as the local partial density of
states, i.e., occupation numbers appearing in Egs. (7)
and (8), is not redistributed. Consequently, the gener-
alized Bethe lattice model can reliably be used to cal-
culate the charge state of atoms of the lattice and the
matrix elements of the tight-binding Hamiltonian.
The charge state of silicon atoms Q in units of the ele-
mentary charge |e| calculated with the data presented
in Table 2 is shown in Fig. 1 as a function of the oxygen
content in SiO,.

N
L
gk
—8}
1oL 1 1 1 1
0 0.5 1.0 1.5 2.0
X

Fig. 2. (Color online) Energy diagram of SiO ,, at the Si —
SiO, — SiO, transition.
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E g (eV)

Fig. 3. Width of the band gap in SiO, at the Si — SiO, —
SiO, transition versus x according to (/) experiment [22],

(2) our calculation, (3) [10], and (4) [9].

We verified the parameters used in the calculation
of the electronic structure of SiO, by calculating the
well-known parameters of the electronic structure of
SiO, with x =0 and 2, i.e., for silicon and silicon
oxide, respectively. The results of this calculation are
presented in Table 3 in comparison with the results
from [12, 13] and with experimental data. According to
Table 4, our results are significantly closer to the
experimental data than the results obtained in [12, 13].

The x dependence of the positions of the bottom of
the conduction band E_ and the top of the valence
band E, is shown in Fig. 2. Figure 2 demonstrates a
characteristic kink of E, at x =1.75. This x value is
close to the percolation threshold in amorphous struc-
tures. K. Hubner [12] was the first who noted this cir-
cumstance, but the threshold x value in his work fell
within the range of 1.25—1.5. This value differs from

Table 3. Calculated and experimental widths of the band
gap E, and the position of the top of the valence band E| in
silicon and silicon oxide

e T T o [ o [ B
E, Si —5.15 6.9 —4 —5.2
SiO, —-8.97 | —10.0 |-10.5 -9.0
E, | si 1.6 12 | 294 1.6
SiO, 8.0 9.0 9.5 8.0

Table 4. Calculated and experimental of barrier heights for
the injection of electrons and holes in SiO,

D (eV) This work Experiment [4]
@° (eV) 2.58 2.6
" (eV) 3.85 3.8
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4

0 0.5 1.0 1.5 2.0
X

Fig. 4. (Color online) Height of the barrier ® for electrons

®° = Eo(x) — Ec(0) and holes ®" = E,(0) — E,(x) in SiO,
Versus Xx.

our results possibly because Hubner developed a qual-
itative theory in [12].

The x dependence of the width of the band gap E,
is shown in Fig. 3 in comparison with the pervious cal-
culations [9, 13] and experiment [25]. It is seen in
Fig. 3 that our calculation is in better agreement with
experimental data than the previous calculations.

The calculated heights of the energy barriers for
electrons @° and holes ®” are shown in Fig. 4.

Table 4 presents the calculated and experimental
heights of barriers for the injection of electrons ®° and
holes ®" in SiO,.

To summarize, the energy barriers for the injection

of electrons and holes from silicon to SiO,. have been
calculated for the first time. It has been shown that a
change in the localization region of valence electrons
in silicon and oxygen atoms plays an important role in
the formation of the electronic structure of SiO,. Tak-
ing into account this change, the electronic structure
of silicon-enriched SiO, as a function of the degree of
enrichment has been calculated by the ab initio tight
binding method within the generalized Bethe lattice
model without any fitting procedures. The charge
state of silicon and oxygen atoms has been determined
as a function of the degree of silicon enrichment in sil-
icon oxide. The width of the band gap of SiO, has been
determined as a function of x. The results are in good
agreement with experimental data.

This work was supported by the Russian Founda-
tion for Basic Research (project no. 17-02-01827), the
Russian Science Foundation (project no. 18-49-
08001), and the Ministry of Science and Technology
of Taiwan (MOST grant no. 107-2923-E-009-001-
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