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A revised tight-binding Hamiltonian parametrization scheme for calculating the electronic structure
of both covalent and ion-covalent solids is proposed. Unlike the conventional approaches, the
present nonempirical calculation does not rely on any empirical parameter. We use the atomic
properties of isolated atoms to construct the matrix elements. Results show that the predicted charge
transfer in SiO, and Si3Ny, the bandgap energies of SiO,, SizNy, and SiO,N;, films, as well as the
electron and hole barriers at the Si/SiO,, Si/Si3Ny, and Si/SiO,N, interfaces are in good agreement
with the experimental findings reported in literatures. © 2009 American Institute of Physics.
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I. INTRODUCTION

Recent progress in theoretical studies of the electronic
structure of solids has made the nonempirical ab initio cal-
culations of material properties possible. However, when ap-
plying the nonempirical methods to calculate the electronic
structure of amorphous materials, the computation would in-
volve too much memory storage. It will have great practical
values for both material characterization and process optimi-
zation if a simple and high-efficient method that is able to
predict the material properties of amorphous solids is avail-
able. Tight-binding method has been recognized as one of
the most powerful methods for this purpose.l_3 In this work,
we propose a simple physical method for calculating the
electronic structure of amorphous materials. A remarkable
feature of this method is that it does not involve any adjust-
able fitting parameters. As will be shown later, this method is
a high-efficient theoretical approach for predicting the physi-
cal properties of materials such as amorphous silicon oxide
(SiO,), amorphous silicon nitride (Si3;N,), and amorphous
silicon oxynitride (SiO,N,), which have an ion-covalent type
of binding.

Silicon oxide has been used as the gate dielectric in
metal-oxide-semiconductor (MOS) devices for several de-
cades. It was then replaced with SiOxNy, which has the ad-
vantages of both SiO, and Si;N, films such as higher dielec-
tric constant and better hardness for hot carrier irradiation.*”’
According to some recent projections,7’8 SiO,N, will remain
in use for some high-performance and low-power logic ap-
plications. Silicon oxynitride is also used as the tunneling
dielectric in Flash memory devices.” The contents of nitro-
gen and oxygen in a SiO,N, film can vary freely between
constraints of the end members: SiO, and SisNy, for tailoring
the physical and electrical properties of the film. For in-
stance, the low-frequency dielectric constant of SiO,N, may
vary from 3.9 (SiO,) to 7.0 (SizNy). 10 The higher the content
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of Si—N bonds, the higher the dielectric constant is. Simi-
larly, the bandgap energy of SiO,N, may vary from 8.0 eV
(SiO,) (Ref. 10) to 4.5 eV (Si3N4).4 The electron and hole
barriers at the Si/SiO, interface are ¢°=3.14 eV and ¢"
=38 eV, respectively.“ A material with a higher nitrogen
content would have smaller barrier values and the lower
bounds are ¢°=2.0 eV and ¢"=1.5 eV, which are the bar-
rier heights at the Si/SizNy interface.'>"* However, the low
barrier heights of Si/SiO,N,, structure would lead to undesir-
able large amount of charge carrier injection in MOS de-
vices. Thus, the composition of SiO,N; has to be optimized
to meet the device requirements. With this connection, a
high-efficient theoretical calculation tool that is able to accu-
rately predict the electronic structure of the oxynitride in
different compositions would help in both the device charac-
terization and material optimization.

The conventional ab initio quantum-chemical calcula-
tion methods fail to produce acceptable bandgap values for
most solids. The SiO, bandgap energy predicted with the
density functional theory (DFT) method was about 5.7 eV,
which is significantly smaller than the experimental one
(about 8.0 eV)."* Whereas the Hartree—Fock approximation
often overestimates the SiO, energy gap to a value of about
17 eV." Better calculation of the bandgap can be done with
the recently developed time-dependent DFT method."® This
work presents an alternate approach to solve this problem.
The present paper aims to accurately determine the electronic
structure of SiO,N, film and the electron and hole barriers at
the Si/SiO\N, interface by solving the one-electron Green’s
function with the tight-binding method. The amorphous na-
ture of the films was modeled with the Bethe cluster
structure.'®™' In this work, we started with the one-electron
tight-binding-like Hamiltonian Xy, ysHxa yplxaCrp+H.C.
The conventional approach to construct this matrix is as fol-
lows. The diagonal and off-diagonal matrix elements,
Hy,, yp, were determined by fitting the band structure with
data from either experiments or other calculations, ¥ or
through proper estimation from parameters available in other
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materials with similar structure.>'*' Unlike the conven-
tional approaches, the matrix elements Hy, yg in this work
were solely determined from the atomic properties of lattice
atoms.”> No any fitting was made. This method is presented
in Sec. II where a heuristic process for determining the diag-
onal and off-diagonal elements will also be given. Experi-
mental validations of the proposed method will be presented
in Sec. IIL

Il. THEORY

The diagonal elements, Hy,, yg, for the Xth lattice site or
atom with a basis function of the ath type can be expressed
as

I-Ion,on= Won+ UXa_TXav (1)

where Wy, are the diagonal elements for isolated atoms
(with one-electron atomic level), and Ty, and Uy, are the
changes, respectively, in the intra-atomic kinetic energy and
in the additional Coulomb repulsion energy due to the over-
lapping of electron shells and the change in electron local-
ization in the solid. These energy changes can be represented
as

0 0 \2
UXa'= Ug’(a<ai!>’ TXazT?(a(aia) ’ (2)

Axo Axa

where %, is the initial radius of the ath orbital of the Xth

atom, and ay,, is the radius of the same orbital in the solid.
The quantities Uy, and T%,=(1/2m)(f/a%,)* are governed
by the characteristics of the isolated atoms. The actual values
of Wy, and U?(a can be found in Ref. 23.

The orbital radii, ay,, are a function of the ionic radii,
ay, of the elements forming the solid material. Additionally,
the value of ay, can be borrowed from ab initio molecular
calculations or obtained from experiments on materials with
integer value of atomic charges. Here, we use a quadratic
interpolation based on the charge states of the atom, namely,

ax=aox+a1x5”x+azx(5nx)2, 5nx=2nxa—Zx, (3)

where dny is the change in the number of electrons localized
on the Xth atom in the solid. Zy is the number of electrons in
the valence shell of an isolated atom and ny, is the actual
value of the occupation number of the ath type atomiclike
basis orbital.

The off-diagonal matrix elements, Hy, ys were calcu-
lated as a linear combination of the two centerlike
parameters
h? —

/
Vxayp= T VTxoTyphxalyp= = \NNx iy, (4)

2mayqayg
where the occupation numbers are given by
Ep

R R 1
Nxo = (Nxa) = (CxaCxa) = — f ;Im GxaxoE+Ii0)dE. (5)

Gxaxa(E+10) in Eq. (5) are the diagonal matrix ele-
ments of the one-electron Green function and can be found
from the following system:
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2 [(E + lO) 5X,Z(Sa,y_ HXa,ZB]GZy,YB(E + lO) = 5X,Y5a,,8' (6)

Zy

The elements in Eq. (4), with the use of Slater—Koster’
notation, can be presented in a more familiar form: Vy, yg
=V(xlym)=(xly)ms 1, '=5(0), p(1), d(2), etc.; m=m'
=0(0), (1), &2), etc. Here the subscripts I, I’, and m=m'
represent the angular parts Y}'(6,¢) of the atomiclike basis
functions.

The four sp? hybrids on each of the Si atoms (i.e., the
2px, 2py, and 2pz oxygen orbitals and one oxygen 2s or-
bital) and the three sp? and so called 7 orbital of p electrons
of nitrogen were included in the basis set of orbital. The last
item included in the basis set is equivalent to the s,p valence
shell from every type of atoms.

A self-consistent approach is needed for solving Egs.
(1)—(6). For the case of crystal lattice, the system can be
solved numerically by using the k-space representation. The
problem has been well defined but still requires a good deal
of programming work. For disordered and amorphous mate-
rials, approximation must be made. One of the successful
approximations is the cluster-Bethe lattice method.'® In short
Bethe lattice is a bonded network with a tree topology. There
is no any ring bonding in this kind of structure. The geom-
etry of nearest neighbor and the local environment of an
atom are considered as the same as those in a real solid. The
theoretical results based on this trivial topology had showed
excellent agreement with the experimental results for mate-
rials with some disorders.”'*’

An ideal amorphous silicon oxynitride film is normally
treated as a continuous network of Si atoms, which are ran-
domly bounded to neighbor oxygen and nitrogen atoms. That
is, the material structure can be modeled with a random Be-
the lattice** with Si—O bonding probability p and Si-N bond-
ing probability 1-p. The a-SiO,N, film can be treated as a
set of five random clusters: SiO,N,_, (v=1,2,3,4). The dis-
tribution of the clusters in the film is assumed to follow the
binomial law, i.e.,

Wp) = Cip"(1 - p)*™". (7)

To compare the theoretical results with the experimental
data, the averaged Green’s function and the dependence of
the probability p on the compositions x and y must be
known. The only yet nontrivial assumption used in the ap-
proach is that the probability p is directly governed by the
composition parameter §=x/(x+y); that is, p=4 and the &
values can be obtained from the ellipsometric measurements
on oxynitride films. This approach was reported in Ref. 19.
The diagonal matrix elements (over the lattice sites or atoms)
of the Green function of the effective medium can be ex-
pressed in terms of the effective-medium parameters,
Uj((X)(E .p), by

Gxx(E.p) = (IE —Hyy— E U;((x)(E,P))_I , (8)
j

where X=Si, N, O. According to the coordination numbers
of the bracketed atoms, j(Si)=1, 2, 3, 4; j(N)=1, 2, 3; and
Jj(0)=1, 2. Gyx, Hyxy, and 0';(()() are M XM matrices, and
M(X) is the number of the basis orbital of the lattice site or
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FIG. 1. Experimental x-ray photoelectron spectra of the Si 2p core level in
Si, Si3Ny, and SiO,.

atom, X. These parameters can be determined in a self-
consistent manner.'’ Note that here we have only one inde-
pendent parameter (T]S(iSi)(E ,p) at j(Si)=1. All other param-
eters are determined according to the tetrahedral symmetry
for Si atom coordination. The calculation results are dis-
cussed in Sec. III.

lll. EXPERIMENTAL VALIDATION

To determine the charge on the Si atoms in the dielectric
films, various dielectric films were prepared. The SiO, film
was thermally grown on a Si substrate where the Si;N, and
a-SiO,N, films were deposited using chemical vapor deposi-
tion method.® These films are about 5 nm thick. The film
thickness and the refractive index were measured on a single
wavelength ellipsometer equipped with a He—Ne laser with a
wavelength of 6328 A. It was found that the refractive index
of a-SiO,N, is a function of d=x/(x+y). X-ray photoelec-
tron spectroscopy (XPS) measurements were conducted with
a Kratos AXIS-HS system using monochromatized Al K« as
the excitation source.

Figure 1 shows the XPS of Si 2p core level in Si, SizNy,
and SiO, films. The energies of Si 2p levels are 98.7, 100.8,
and 1024 eV in Si, SizN4, and SiO,, respectively. The
chemical shift of the Si 2p level depends linearly on the posi-
tive charge on Si atoms, QSi. The Si atoms in a silicon ma-
terial should be neutral because of the covalent nature of the
Si—Si bonds. The charge on oxygen atom, Q°, in amorphous
SiO, was determined experimentally with the positron anni-
hilation and is —1.0¢ (here g is the charge of free electron).”
Since the O atom in SiO, is twofold-coordinated by Si atom,
the charge transfer per Si-O bond (AS©) is 0.5¢g. On the
other hand, as the Si atom in SiO, is fourfold-coordinated by
O atoms, Q5 in SiO, is then +2.0¢. The positive charge in Si
atom in SisNy film calculated from the chemical shift is
+1.40q. In addition, since the Si atom in Si;N, is fourfold-
coordinated by N atoms, the charge transfer per Si—-N bond
(AS™N) is 0.35g. Meanwhile, the negative charge on nitrogen
atom (QN) in Si3N, is —1.05¢ as the nitrogen atom is
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FIG. 2. Bottom: Distribution function of SiO,N,_, tetrahedral multiplied by
the charge on Si atom plotted as a function of the chemical composition of
the film. Top: Charge on Si atom being averaged over all configurations of
the tetrahedral. The markers are experimental data taken from the report by
Vogl et al. (Ref. 21) and curves are the theoretical results based on present
calculations.

threefold-coordinated by Si atom. Our theoretical values,
0%=2.05 for SiO, and Q%=1.48 for Si;N,, are in good
agreement with the aforementioned values.

Figure 2 shows the calculated charges on the central Si
atom (g,) in SiO,N,_, clusters embedded in the effective
Bethe lattice, for various compositions of silicon oxynitride.
The dots show the charge values extracted from the Si2p
chemical shift in XPS spec:tra.6 The lines in the upper part of
the figure indicate the calculated charge on Si atom for vari-
ous silicon oxynitride films. One can see the excellent agree-
ment between the experimental and the calculated results.
The near horizontal lines at the top of the figure for different
v values indicate that the charge on the central Si atom of a
SiO,N,_, cluster is almost independent of the environment.
Also note that the charge values, which are averaged values
over a macroscopic region according to the distribution func-
tion W,(6), are almost linearly scaled by the & values.

Figure 3 shows the calculated values for the top of the
valence band, Ey, and the bottom of the conduction band,
E .. These energies were calculated as a function of refractive
index by using the experimental dependence of refractive
index on 8.'° The calculation results agree well with experi-
mental data from various sources.'>**~" Based on this result,
one can readily estimate the position of E and Ey, and then
the electron and hole barriers of a SiO,N, film once its re-
fractive index is known.

IV. CONCLUSION

In summary, we calculated the electronic structure of
ion-covalent amorphous dielectrics SiO,, Si3Ny, and SiO,N,
by using an improved method. In the proposed model, we
used some well-known characteristics of isolated atoms and
no fitting parameter from the experimental results is re-
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FIG. 3. The energy positions of the top of the valence band (Ey) and the
bottom of the conduction band (E() in the SiO,N, films with different com-
positions. The curves are the present calculation results and the markers are
the experimental data taken from various sources: one-electron photoemis-
sion from Si (Ref. 25), two-electron photoemission from Al in MOS devices
(Ref. 26), three-optical absorption (Ref. 26), four-optical absorption (Ref.
27), five-optical absorption (Ref. 28), and hole photoemission from Si (Ref.
29).

quired. We found that the charges on Si atoms for the end
members of oxynitride, i.e., SiO, and Si3;Ny, are 2.05¢ and
1.48¢q, respectively. These results agree well with the actual
values of 2.00g and 1.40q. In addition, the calculated curve
of the atomic charge versus the composition parameter &
=x/(x+y) also shows a fairly good agreement with the ex-
perimental ones.

The calculated electronic energy structure, in particular,
the bandgap energy and the band edge positions with respect
to the vacuum level, agrees well with the experimental data
from various sources. A slight difference was found at the
top of the valence band of SiO,. This difference seems to be
arising from some of the assumptions made in the present
model such as there are no close rings in the Bethe lattice
and the tetrahedral and dihedral angles were fixed in the
simplified model.

ACKNOWLEDGMENTS

This work was supported by the Siberian Division of the
Russian Academy of Sciences under Grants Nos. 97 and 74,
the CERG Grant No. CityU121707 of the Hong Kong Gov-
ernment, and the Korean Ministry of Science and Technol-
ogy (National Program for Tera-Level Nanodevice). V.A.G.

J. Appl. Phys. 105, 073706 (2009)

would also like to acknowledge the financial support from
RFBR under Grant No. 06-02-16621a.

]Tight—Binding Approach to Computational Materials Science, MRS Sym-
posia Proceedings No. 491, edited by P. E. A. Turchi, A. Gonis, and L.
Colombo (Materials Research Society, Pittsburgh, PA, 1998).

%0. K. Andersen, O. Jepsen, and G. Kirier, in Tight-Binding Approach to
Computational Materials Since, MRS Symposia Proceedings No. 491, ed-
ited by P. E. A. Turchi, A. Gonis, and L. Colombo (Materials Research
Society, Pittsburgh, PA, 1998), pp. 3-34.

W, AL Harrison, Electronic Structure and the Properties of Solids, The
Physics of the Chemical Bond Vol. 1 (Freeman, San Francisco, CA, 1980),
p. 381.

VA Gritsenko, Silicon Nitride in Electronics (Elsevier, New York, 1988),
pp. 138-187.

E. P. Gusev, H.-C. Lu, E. L. Garfunkel, T. Gustafsson, and M. L. Green,
IBM J. Res. Dev. 43, 265 (1999).

V. A. Gritsenko, J. B. Xu, I. H. Wilson, R. M. Kwok, and Y. H. Ng, Phys.
Rev. Lett. 81, 1054 (1998).

H. Wong and H. Iwai, Microelectron. Eng. 83, 1867 (2006).
8y.-C. Yeo, T.-J. King, and C. Hu, IEEE Trans. Electron Devices 50, 1027
(2003).

°A. Ikeda, M. Abd Elnaby, R. Hattori, and Y. Kuroki, Thin Solid Films
386, 111 (2001).

1%, A. Gritsenko, Structure and Electronic Structure of Amorphous Dielec-
trics in Silicon MIS Structures (Science, Novosibirsk, Russia, 1993), p.
280.

'R. J. Powell and M. Morad, J. Appl. Phys. 49, 2499 (1978).

2y A. Gritsenko, E. E. Meerson, and Yu. N. Morokov, Phys. Rev. B 57,
R2081 (1998).

V. A. Gritsenko, A. V. Shaposhnikov, W. M. Kwok, H. Wong, and G. M.
Zhidomirov, Thin Solid Films 437, 135 (2003).

g, Gnani, S. Reggiani, R. Colle, and M. Rudan, IEEE Trans. Electron
Devices 47, 1795 (2000).

BM. AL L. Marques and E. K. U. Gross, Annu. Rev. Phys. Chem. 55, 427
(2004).

1], D. Joannopoulos and M. L. Cohen, Solid State Phys. 31, 71 (1976).

A, A. Karpushin, A. N. Sorokin, I. Y. Semenova, and M. Tomasek, Phys.
Status Solidi B 136, 331 (1986).

'8A. A. Karpushin and A. N. Sorokin, J. Struct. Chem. 37, 1 (1996).

P, Martin-Moreno, E. Martinez, J. A. Verges, and F. Yndurain, Phys. Rev.
B 35, 9683 (1987).

R, B. Laughlin, J. D. Joannopoulos, and D. J. Chadi, Phys. Rev. B 20,
5228 (1979).

2Ip, Vogl, H. P. Hjalmarson, and J. D. Dow, J. Phys. Chem. Solids 44, 365
(1983).

2ALN. Sorokin, A. A. Karpushin, V. A. Gritsenko, and H. Wong, J. Non-
Cryst. Solids 354, 1531 (2008).

ZW. A. Harrison, Phys. Rev. B 31, 2121 (1985).

21 AL Verges, Phys. Rev. Lett. 53, 2270 (1984).

3G, M. Bartenev, S. M. Brehovskih, and A. Z. Varisov, Inorg. Mater. 6,
1553 (1970).

V. A. Gritsenko, N. D. Dikovskaja, and K. P. Mogilnikov, Thin Solid
Films 51, 353 (1978).

%7S. Mirsch and J. Bauer, Phys. Status Solidi A 26, 579 (1974).

B A Brytov, V. A. Gritsenko, and Yu. P. Kostikov, Structure, Electronic
Structure and Charge Transport in Silicon Oxynitride (Institute of Semi-
conductor Physics, Novosibirsk, Russia, 1985).

*D. M. Brown, P. V. Gray, F. K. Heumann, H. R. Philipp, and E. A. Taft, J.
Electrochem. Soc. 115, 311 (1968).

*A. M. Goodman, Phys. Rev. 152, 780 (1966).

Downloaded 22 Apr 2009 to 144.214.40.33. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1103/PhysRevLett.81.1054
http://dx.doi.org/10.1103/PhysRevLett.81.1054
http://dx.doi.org/10.1016/j.mee.2006.01.271
http://dx.doi.org/10.1109/TED.2003.812504
http://dx.doi.org/10.1016/S0040-6090(00)01888-5
http://dx.doi.org/10.1063/1.325099
http://dx.doi.org/10.1103/PhysRevB.57.R2081
http://dx.doi.org/10.1016/S0040-6090(03)00601-1
http://dx.doi.org/10.1109/16.870550
http://dx.doi.org/10.1109/16.870550
http://dx.doi.org/10.1146/annurev.physchem.55.091602.094449
http://dx.doi.org/10.1002/pssb.2221360137
http://dx.doi.org/10.1002/pssb.2221360137
http://dx.doi.org/10.1007/BF02578565
http://dx.doi.org/10.1103/PhysRevB.35.9683
http://dx.doi.org/10.1103/PhysRevB.35.9683
http://dx.doi.org/10.1103/PhysRevB.20.5228
http://dx.doi.org/10.1016/0022-3697(83)90064-1
http://dx.doi.org/10.1016/j.jnoncrysol.2007.04.042
http://dx.doi.org/10.1016/j.jnoncrysol.2007.04.042
http://dx.doi.org/10.1103/PhysRevB.31.2121
http://dx.doi.org/10.1103/PhysRevLett.53.2270
http://dx.doi.org/10.1016/0040-6090(78)90299-7
http://dx.doi.org/10.1016/0040-6090(78)90299-7
http://dx.doi.org/10.1002/pssa.2210260222
http://dx.doi.org/10.1149/1.2411151
http://dx.doi.org/10.1149/1.2411151
http://dx.doi.org/10.1103/PhysRev.152.780

