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Ultrasoft pseudopotential for O and H

D. Vanderbilt, Phys. Rev. B41, 7892 (1990) )
Norm-conserving pseudopotential for Si
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C. Kanet et al.
Proceedings of the
25% Int. Conf.
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P.419 (2000)
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Initial atomic
configuration

To the next |Total energy,

MD step

1

Determine the variable
charge on each atom

1

Force

|

Evaluation of energy barriers
NTP ensembles
100ps X 10-20 MD trials
with different velocity distributions
2>1-2ns
comparable with the time of
elementary process to occur

Tersoff type three-body potential
functions? with the charge transfer
effect parameterized by Kumagai et al.?)

1) J. Tersoff, Phys. Rev. Lett. 56, 632
(1986); Phys. Rev. B 39(8), 5566 (1989).

New atomic configuration | 2) T Kumagai et al,

ICCM 2004,
Conference Digest pp. 75.

|

Implemented to the MD program
SCIGRESS MD-ME (FUJITSU)
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Initial Si(100)/Si0O, structure
prepared for MD simulation
based on the result of

the first-principles calculations'?)

» 3D periodic boundary
condition

SiO, | |
(Tridymite) 4 33nm  ° 448 atoms in the unit cell
Si

o=_‘ Yo

1) C. Kaneta et al., Microelectronic
Engineering 48, 117 (1999);

2) T. Yamasaki et al., Phys. Rev. B
63, 115314 (2001).
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10 O atoms are introduced
into the Si-Si bond center and Si-
Si bridging sites at the interface.

1y

MD simulations for
structural relaxation

constant NTP conditions
N=458, T=25°C, P=1atm

1y

2-folded Si (Si1 and Si2) are formed
and behave as the reactive sites
in the following oxidation steps.
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N. Takahashi, T. Yamasaki, and C. Kaneta, J. Appl. Phys. 115, 224303 (2014).

Distance from the interface Zg (A)
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L ¢ _________________________________ / _____ . ’
_2 ---------------------------------------
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Si
(N
SiO
at an
interstitial
site in SiO,
435 atoms
in unit cell
L Takahashi et al. Proc.
- Periodic boundary of the 217th
condition Electrochemical
-constant NTP Society Meeting 201 0.
-T = 1400°C ECS Transactions,

28(1) 361-368 (2010)
10.1149/1.3375622.




Si0,~?DSI0 FAICH ST RIIVE—EAE

/Broken M\

Si-O bond

Pk

\ SO,
20\ 1 2

ﬁebonding of Si-&

\ 3-coordinated Sy
g
4 N

Diffusion of an Vo
— SiO, growth




Si0, H DORIBOILH DO FBEIHITZ T ALE—FIE

-

™ 4 ™

4 e ™

./ \

2-cc;ci<fnsa.ted ° \

I \\\
\ d (A) N )
0.5 1 15 2 25 3
1.4'HH'HH'”H"“"‘waw’]a-.ox(x)y
- o . oC
% Static /‘4/. ™

G 'S Y,
(e)
20 25



[

14,5 - r
rovtteree———{E £ Si0, F D Si (4BL{D)

T 13 r Sil 5 ¥ 1 -01

12 1 -02
o 1.1 i 1-03 o
o0 L Si2 T Nessesse o &
5 5 1 -04 2
(&] i : | o

N Si3 ;

» 09 ! . . _05 o

1 -0.6

06 ] 1 E |: | T I T | |: [I [ R T N N T N _08

5 10 15 20 25 30
t (ps)

EaDMARZ ., BN ELEERDIEDEILA X I

Si-F0 < 2A
DEE(SI-O%ES
NEETBEEZRD




Si0 M ZHFS5EIEBREICEITAIRILF—ZEIL

N. Takahashi, T. Yamasaki, and C. Kaneta, J. Appl. Phys. 115, 224303 (2014).

E(eV)

104
0o | 10232 _ﬁ E, + E(60,)
g | \\ SiO emission
6 | Oxidation SiO incorporation
. | at Interface into SiO, with V,
E(Si/100/SiO ,+|20
2 | S | 2+\ )‘ / SiO oxidation
- by O
0 | (B) E(SI/SIO + Si0) —
o | Structural 7 © 398 E(Si/SiO,
- relaxation Z +Si0, )
4T E(Si/120/Si0,) ST
o eV B T
-8

O,&hT=YDenergy gain = 19.48 eV
Cf. Si(¥&&)+O,(7F)>SiO,(¥Em) DEEIRILE— 21.48eV
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We investigated the oxidation processes at the Si(100)/SiO,
interface focusing on the dynamics of Si and SiO emissions from
the interface and the following incorporation into the Si substrate
and/or SiO, using variable charge MD methods.

1) Itis found that the SiO emission into the SiO, region occurs
prior to the Si emission into the substrate or SiO,, which are
consistent with previous studies.

2) Two-folded Si atoms are formed after the O incorporation into
the interface and are emitted as SiO molecules into the SiO,
with energy barrier of 1.2 eV.

3) The emitted SiO molecule is incorporated into the SiO,
network through an Si-O rebonding process with generating
an oxygen vacancy.

4) In the oxygen vacancy diffusion processes, the energy
barriers are relatively small ( 0.7-0.8 eV ).
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T. lwasaki, J. Mater. Res., 20, 1300(2005).
T. lwasaki, J. Mater. Res., 19, 1197(2004).
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Interfacial layer

Si, GeZ4
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So Takamoto et al., Journal of Applied Physics 120, 165109 (2016).

RTI¥ILINGA—42:108{@ Tersoff potential ZR—R[T/INTA—2BRE
cutoff, BETDEYIRL\DELVEF

Potential Fitting

*Si, SiO,, OPSIABEILZSIO2FR % E ([RFE20-50EFEE). &7t%15100%=

BOEEXERL. F—REEFREHELZET,
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b =& 53800000/ L EDEZFIAL. fittingIFIA T 5T —2Z ERFERIIC

BOLEHS, BEEM7ILTYVXLTEHEIAD,

FEROFEMICF AL E: BEIRILT—. IEFEH. BitELHEE.
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S. Plimpton, J. Comput. Phys. 117, 1(1995) hitp://lammps.sandia.gov/
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Potential fitting

Potential fitted to crystal data

Variety of metastable and unstable structures containing 20-50 atoms
are generated by classical MD.

amorphous, liquid, excess Si, O , SiO, O, in SiO,, surface, interface

First-principles calc.
cohesive energy, force, charge

Improvement of the potential
minimize the mean square weighted deviation by genetic algorithm

Evaluation

}

Optimizing the more than 100 parameters with about 5000 structures and
more than 800000 values obtained from the first-principles calculations
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So Takamoto et al., Journal of Applied Physics 120, 165109 (2016).
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FIG. 12. Si/Si0» interface structure obtained by oxidation simulation. FIG. 13. Charge
Larger spheres are Si atoms, smaller ones are O atoms. Blue atoms denote . T
the 13th layer of crystal silicon.

distribution along the z-axis for the S51/510: interface
obtained by oxidation simulation.

So Takamoto et al., Journal of Applied Physics 120, 165109 (2016).



Lt &5 :Reactive Force Field

—— Special Case
Undercoodination

Overcoodination Valence angle

\ Lone pair Penalty

ES}’SIEITL — Eband T Em-'er T Eunder + EII} T Eval iz Ep_en +

E +E + ‘vdWaals + EC

tors conj oulomb

/ ; tE coa tE C2 +E H-bond

Torsion angle  Torsion conjugattion

C=C correction

Angle conjugation

van Duin et al. J. Phys. Chem. A 107, 3803 (2003).



Reactive Force Field [2&ASIDBE{L SaL— 3> DH

Khalilov et al., J. Phys. Chem. C 2012, 116, 8649-8656.
Dumpala et al., Appl. Phys. Lett. 106, 011602 (2015).

Kim et al. IWDTF2011
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