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Abstract - In order to make clear the effect of strain II. METHOD
and intrinsic defects in SIO, on both its electronic and
structural characterigtics, we performed a quantum The crystallographic structure and distribution of

chemical molecular dynamics analyss for SiO,x  electron density are described well &y initio molecular
structure under strain. The band gap of SIO, changes  dynamics method and this method succeeds to provide us
significantly by the deformation of the Si-O-Si bond the useful information on the atomic bonding structofre
angle due to the applied strain. The crystallographic ~ materials. However, this method requires huge
structure of the SO, deforms drastically because the  computational resources, and hence it can not be agplied
Si-O bonds neighboring an oxygen vacancy are broken the simulation of the complex system where the reactio
and a free silicon monoxide molecule is generated inthe  dynamics should be considered. On the other hand, the
SiOz structure. The magnitude of the band gap of the  tight-binding quantum chemical molecular dynamics
SiO,4 decreases from 8.9 eV to 6.3 eV due tothechange ~ method used in this study enables us much faster simulation
in the atomic configuration accompanying the diffusion than those based on regular first principle calculations
of the free monoxide. In addition, the band gap because the formalization of this method is based on the
decreases further under large tensile strain. We can extended Huckel approximation. We performed quantum
conclude, therefore, that both the existence of oxygen chemical molecular dynamics simulation by using the
vacancies and tensile strain in SO, films deteriorate  colors code developed in Tohoku University [5].
the electronic reliability of the oxide film seriougly. The equations to be solved in this program are shown
in equation (1) and (2):
I.INTRODUCTION

HC =SCe 1)
Electronic products such as mobile phones and PCs
have been miniaturized continuously and their funstion CT SC=| 2)

have been improved drastically. With miniaturization of
semiconductor devices, the structure of devices hasreeco whereH is the Hamiltonian matrixS is the overlap matrix,
very complicated. Since multi-layered structures oh th C is the eigen vectog is the eigen value, and’ is the
films are used for electronic devices, the constituenttransformation matrix of. The total energy between any
materials have large mechanical stress, strain and @tompair of atoms, designated @s and B, is given by the
defects caused by the lattice mismatch between theeadjac following expression:
layers. Mechanical stress or strain in a gate oxidedfia
MOS transistor decreases its band gap and thus, iBsreas M
the leakage current through the film [1-4]. Local defent E=>
the thin gate oxide film are also an important factor that A=t
determines both the electronic performance and ilktjab
of the devices because localized states formed within the 3)
mid position of the band gap of the gate oxide filmhwit
intrinsic defects results in the leakage current and thévhere the first, second, third, and fourth terms regrethe
degradation of the insulating property of the film. One of kinetic energy, the summation of the eigenvalues of all
the most important local defects in the gate oxide ifithe ~ occupied orbitals (orbital energy of valence electron
compositional fluctuation caused by oxygen or silicon Calculated by extended Hiickel approximation), the
vacancies introduced near the interface between thé&oulombic interaction energy, and the short-range
thermally oxidized Si-dioxide and the remained Si. exchange-repulsion interaction energy, respectively. Here,
Therefore, the detailed understanding of structural andm andv are mass and velocity of atonZ, andZs are the
electronic properties of non-stoichiometry giQinder  charge of atoms is the elementary electric charge, apg
mechanical strain is a key issue for improving both theis the internuclear distance. The  short-range
electronic characteristics and the reliability of thevice. In  exchange-repulsion term,eus(ras) is given by
this study, we performed a quantum chemical molecular
dynamics analysis for SiQ structure under strain in order a, —r
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to make clear the effect of the strain and intrinsfeate on
dielectric characteristics of the oxide.
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where the parametessandb represent the sum of the size When the strain of 7.5 % is applied along thaxis, the
and stiffness of the atoms, A and B, respectivetyudiion band gap value shrinks from 8.9 eV to 7.8 eV. When the

(5) is used for calculation of the force acting on tlvenat tensile strain is applied along thexis, the band gap value
g L&, ~r 0S 8 Z,Z,€" ¥ O0E (M) oxygen vacancy
F, = cT—cC + CT—C -3 2as” repuls
8 AZB;IGI'AB ' ;B;gllarm ' AZB 2 AZE:, ar
Si @ 4
(5) o O
The parameters used in Hamiltonian were determined a=h=0.96 A

to satisfy the properties such as the geometry, binding¢=13-90A

energies, atomic charges and density of states of O ¢ =N

molecules, Si, and Sibulk structures obtained from the TLE ‘?: ﬁ -

density functional theory (DFT) calculations or expeirs. a g,‘f,: y X ) =
Three dimensional periodic unit cell forcristobalite that SiO2(Si32064) SiO2.«(Si32063)

contains 32 silicon atoms and 64 oxygen atoms was used a
Si, for gate oxide. We modeled the non-stoichiometry Figyre 1: Model of Si@and SiQ. crystal ¢-cristobalite).
SiO; (SiG.y) by eliminating oxygen atoms from the
a-cristobalite unit cell to characterize the defecticure

due to the oxygen vacancy. Calculation models used in this 10.0

study are shown in Figure 1. The band gap value is a 95]

dominant factor of the insulating properties of theegat '

oxide film. However, the band gap of Si@alculated by % 901

regular DFT method is known to be much smaller than the & g5l

experimental value. In contrast, the band gap of,Si0O & ©

determined from the energy difference between the kighe 2 8.0 : :

occupied molecular orbital (HOMO) and the lowest @& 750 :ac::i:z 2::2'.2

unoccupied molecular orbital (LUMO) calculated by our :

tight-binding method was 8.9 eV, which was in good 704 : ' ' ' ' '
agreement with the reported experimental values. Hence -15 =50 25 00 25 50 75
we can confirm that this methodology is very powerful too Strain (%)

to analyze the strain dependence of the band gap.eFurtr Figure 2: Strain dependence of band gap for, Sie
details regarding the parameterization can be seen in tl positive value of strain is tensile, and the negative is
literature [6-8]. The verlet algorithm [9] was used for compressive.

integrating the equations of motion, while the Ewald
method [10] was applied for calculating electrostatic
interactions under three-dimensional periodic boundary

\
conditions. The molecular dynamics simulations were si @ &%
o0 J\

(a) a-axis strain

performed for 20,000 steps with a time step of 0.20"°
second at 300 K.

Ill. RESULTS AND DISCUSSION TL’ T d

b { {

a

o

To analyze the strain dependence of the magnitude of
the band gap of SiQ the o-cristobalite structure was
hydrostatically deformed and the change of the band gap
was calculated. This hydrostatic tensile or compressive
strain was expressed by increasing and decreasing the
lattice constants ofu-cristobalite. The calculated strain
dependences of the magnitude of the band gaps are
summarized in Figure 2. In this figure, the positive vasue
tensile strain, the negative one is compressivenstiide
band gap values plotted in this figure are averaged in the
latter half of the simulation, from 10,000 to the fintdps
The magnitude of the band gap slightly increases under
compressive strain along both the and thec-axis strain.

This strain dependence is in good agreement with prevéesusts
by DFT calculation [4]. On the other hand, the band gap values
decrease drastically under the tensile strain along-thés.

b o

-5.0%

(b) c-axis strain
%

At
-5.0% 5.0%

Figure 3: Snapshots ofcristobalite structure with —5.0
and 5.0 % strain at the final step of simulation.
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Figure 4: Correlation between average bond angles of % 23
Si-O-Si and strain. a 201
1.5}F

reaches a maximum at 5.0 %. Figure 3 shows the fina 10000 12000 14000 16000 18000 20000
configuration of Si@ with -5.0 and 5.0 % strain. The large Step
deformation of ther-cristobalite structure is observed under
the tensile strain. In particular, the structure undér %.
strain along the c-axis seems to be close to the wteuof
B-cristobalite, which would be one of the reasons wiey t
5.0 %c-axis strain produced the maximum band gap in this
simulation. From the analysis of radial distribution
functions of Si-O, the bond lengths of Si-O in strained
a-cristobalite did not change significantly from theeeage AL
distance in the structure without strain. On the coptthe a
large change occurred in the Si-O-Si bond angle in the
strained structure. The correlation between the geera
Si-O-Si bond angle and the applied strain are shown ir ;
Figure 4. The bond angles become larger with the inereas gg molecule
of the tensile strain. From these results, the bandofap -
a-cristobalite is significantly influenced by the defation v
of the bond angles caused by strain. BG=855ev
The crystallographic structure of SiQ that was
expressed as the-cristobalite structure with an oxygen
vacancy changed drastically during the simulation. The
Si-O bonds facing the oxygen vacancy were broken and | «
free silicon monoxide molecule (SiO) was generated anc ~
diffused into the lattice. It has also been reportetl i@
molecule generated and diffused into §2]. Hence, the
generation of SiO molecule in SiQis considered to be the 5
potential process for the deformation of the sjo moleclle .
non-stoichiometry Si@structure. We also found that two |, S ‘\Q‘
kinds of defects, Si(O3) and O(Sil) sites, in the ,SiO
structure during the simulation. At the Si(O3) sitajlezon
atom bonds with three oxygen atoms. At the O(Sil) aite,  Figure 6: Defect structure and LUMO distribution of
oxygen atom bonds with only one silicon atom. Figure £ g0, (one oxygen vacancy).
shows the changes in the band gap of §iOThe distance
between the liberated SiO molecule and the nearast iat
the lattice is also plotted in this figure. Calculatetugeof ~ Figure 6 shows the SiQ structure and LUMO distribution
the band gap was 7.8 eV on average for the_Si@plying at 19,450 and 18,400 step. For the structure at 19,450 step
that the insulating property decreases in the. Siin. The where the liberated SiO molecule was free in the&tthe
figure also clearly indicates that SiQstructure has large band gap value was 8.6 eV, which was almost the same
fluctuation of the magnitude of the band gap and thel ban value of the perfect Sixrystal. On the other hand, the SiO
gap value decreases when the distance between Simolecule bonded to an adjacent silicon atom of the rmatri
molecule and thematrix becomes shorter during the at 18,400 step and its band gap was quit a small valu8 of 6.
simulation. To discuss the correlation between theniato €V. We observed that the energy of LUMO that mainly
configuration and the band gap value, we analyzed thdélistributed around the liberated SiO molecule shiftetthéo
distribution of molecular orbitals and their energy level low energy level at the atomic configuration in which the

Figure 5: Change in the band gap of SiQone oxygen
vacancy) and distance between free SiO moleculerend t
h matrix.

(a) 19450 STEP

(b) 18400 STEP

v \..'./;
B.G =6.30 eV LUMO(-4.98 eV)
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@ Si(03) sites

20,000 STEP
No atomic defect

8,000 STEP

Figure 7: Change of Si, structure with two oxyge
vacancies and distribution of Si(O3) defect sites. Two
unit cells are shown in this figure to make clear the
clustering process of SiO molecu

SiO molecule was located near the matrix. Hencelatige

IV. CONCLUISION

The effect of the strain and the intrinsic defects in the
SiO,« film on both the electronic and structural
characteristics of the film was analyzed using a
tight-binding quantum chemical molecular dynamics
method. Three dimensional periodic unit cell of
a-cristobalite structure was used as a model of,.Sie
oxygen vacancy in thes-cristobalite structure generated
free silicon-monoxide molecule that induced the large
change of the atomic configuration of the film. The
calculated band gap value of the SiQwith one oxygen
vacancy was 7.8 eV, which was significantly smaller than
that of the perfect SiOstructure (8.9 eV). In addition, the
value fluctuates widely from 6.3 eV to 8.6 eV depending on
the distance between the liberated SiO molecule and the
SiO, lattice. The application of tensile strain to th@©Si
decreased the band gap further by about 10 %. With the
increase of the number of the oxygen vacancy, the
magnitude of the band gap decreases further. This is
because that the generated plural SiO molecules start to
cluster with each other. This clustering may be theara
for the formation of the well-known “weak spot” in the
SiO« film. We conclude therefore, that the magnitude of
the band gap decreases seriously when both the number of
oxygen vacancies and tensile strain increase inSttg,

fluctuation of band gap value results from the change in théiim. Such a decrease of the magnitude of the band gap

LUMO energy due to the change in the atomic
configuration accompanying the migration of the libedat

causes the serious degradation of the electronic rélyedsil
the gate oxide film in semiconductor devices.

SiO molecule. The decrease of the magnitude of the band

gap of SiQ, appeared under both tensile and compressive

strain. Additional application of 7.5 % tensile strainueal
was lower than that of the perfectristobalite structure by
about 20 % in this simulation. We can conclude therefore
that both the existence of oxygen vacancies andlgensi
strain in SiQ films deteriorate the electronic reliability of
the oxide film seriously.

Figure 7 shows the snapshots during the molecular

dynamics simulation ofu-cristobalite with two oxygen
vacancies.

O(Sil) are also formed due to the formation of the 82
molecules. The two SiO molecules started to clustdn wit

each other and the defect sites of Si(O3) moved together
with SiO molecules. This clustering process separates th[7]

damaged area with the perfect area as shown in thigfigur
The magnitude of the band gap of this structure wasV7.1 e
on average, which is lower than that of the silicovxide

Two free SiO molecules were generated
independently and the defect sites such as Si(O3) and
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