Hjugugn

Si/SIO,00000
N000000000000000

1p ~ 78p [

00 1600 20 130 0O [

Hgugugn U0 oo oo

26167 00 OO




L [

010
11

1.2
13

020
21
22

2.3

24

0 30
31
3.2
3.3

HEN
gooooo .

111 0000000 S/SO0,00 .. oo i oo
112 S/SIO, 0000 ...
113 S/SOo, 0000000 ...t
114 000 S/soC,000000ooOoooooooog ... ..

gooooo .
gooooo .

gooo
oo ...,
gooooo .

221 000000 ... e e
222 book-kespingd . . . . ... L
223 EwadOOO . ...
224 0000000000 ..o
0
231 Born-OppenheimerO00 . . . .. .. . ... ...
232 0000D0O0DOODOO0O ... 0o
233 O0000O0D0OO0DOO0ODO ...
234 0000O0OODOOODOOODOOOOOODOOODOOOOn

235 VvVASPOOOOOOOOOOO ... 0o
I 0 0 0

241 00O ..
242 00O ..
243 000OO

gbobobooobobod

oo ...,

gooboogoboboboogoboboooan oo oo

goooood

13
14
14
14
14
15
19
21
21
22
23

27
29
29
29
30



34

040
41
4.2
4.3
4.4

050
5.1
5.2
5.3
5.4

060
6.1
6.2
6.3
6.4
6.5
6.6
6.7

070

gooo

331 000000000 . ... e,
I

gboboboogobbobooooobobodan

OO . e e e e
I
OO00O0000000 ... ... 0 e e e e
I
441 SO, 00 ... .
442 SIOOO0O0O .. ... e
443 SO, 0000 ... . . e
444 c-Si/c-SO, 00 .. .. ..

goboboogbbobbooooobbooooboooon

I
goboboooooboobooobno oo oo oo
UO0D00O0 ... o
I
541 0O00O0O0OO0OEBwWAdOOOO ... ... ..
542 0000000 .. .. ittt
543 000000 ... e
544 0O0O,0000,00 ... ...

gboboboooboooboboobod

OO . e e e e
00000000000 ... .. 0 000 o oo e .
OO00O000000 ... . 0 e e e e e
OO00O000000 ... . 0 e e e e e
c-S/c-SO, 00000000 ... .. . ...
0000000000000 ... .. oo
aSO,/c-SO0000 .. ... e

HEN

gooo

50
51
51
52
53
55
55
56
57

58
59
59
60

68
70

73

74

77



[]

L [

11

1.2
1.3
14

21
22
2.3

31

4.1
4.2
4.3
4.4
45
4.6
47
4.8
4.9
4.10
411

5.1

6.1

6.2

A schematic illustlation of MOS-DRAM and various types of silicon

dioxidefilms.([1]) . . . . . . . . . . . 7
A schematicillustlation of SI/SIO, interface.([1]) . . . . . . . ... . .. 9
A schematic illustlation of pseudotridymite S/SIO, interface.([2])) . ... 9
Intermediate-oxidation states at Si/SiO,(100) interface, identified by their

Si 2p core-label shifts([5]). . . . . . . . .. 10
Periodic boundary condition . . . . . . ... ... 15
book-keeping method for MD calculation . . . . . . ... ... ... .. 16
Ewaldsum . . . . . . .. 17
rectangleapproximatedband . . . . . . . .. ... L. 34
Binding energiesasafunctionof volume. . . . . . . ... .. ... L. 39
Binding energies as afunction of volumeinRef.[25]. . . . .. .. .. .. 40
a-quartz structure obtained by DFT caluculation . . . . . .. . ... .. 41
(-quartz structure obtained by DFT caluculation . . . . . ... ... .. 42
a-cristobalite structure obtained by DFT caluculation . . . . . . . . . .. 43
Ideal 3-cristobalite structure obtained by DFT caluculation . . . . . . .. 44
|deal - 5-tridymite structure obtained by DFT caluculation. . . . . . . . .. 44
Stishovite structure obtained by DFT caluculation. . . . . . . . ... .. 45
I}, structure obtained by DFT caluculation. . . . . ... ... .. .. .. 46
V}, structure obtained by DFT caluculation. . . . . . . ... ... .... 47
c-Si/c-SiO, interface structure obtailned by my DFT calculation. Left

panel is Q model. Center panel isC model. Right panel isT model. . . . . 48
Floachartof GA. . . . . . . . . . . . 54

a-quartz structre before annealing(upper panel) and after annealing(lower

panel). . . .. 61
a-cristobalite structre before annealing(left panel) and after annealing(right
panel). . . .. 62



6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

Q model strucure before annealing(upper panel) and after annealing(lower
panel). . . ..
C model structre before annealing(left panel) and after annealing(right
panel). . . ..
T model structre before annealing(left panel) and after annealing(right
panel). . . ..
AmorphousSIO, structure . . . . . . oL
pair correlation function of amorphousSIO, . . . . . . . . ... ... L.
Si-O-Si bond angle distribution in amorphous SiO, obtained by my MD
calculation. . . . . . ..
Si-O-Si bond angle distribution of amorphous SIO, by experimental data
(curve2isslicaglass). . . .. ... oo
Structure of a&-SiO,/c-Si and suboxide atoms at interface. From left panel,
suboxide 1+ atoms, suboxide 2t atoms, suboxide 3™ atoms and all atoms .

65

66

67



[]

L [

21
22

4.1
4.2
4.3
4.4
45

4.6

4.7
4.8

4.9

4.10

6.1
6.2
6.3
6.4
6.5
6.6
6.7

CaculationConditions. . . . . . . . . . .. ...
Calculationsfor equationof states . . . . . . . . .. ... .. ... ...

Calculation conditions of DFT calculations. . . . . . .. ... ... ..
Structural prameters for a-quartz obtained by our DFT calculation.
Structural prameters for 3-quartz obtained by our DFT calculation.
Structural prameters for a-cristobalite obtained by our DFT calculation.
Structural prameters for ideal-/3-cristobalite obtained by our DFT calcu-
lation. . . . ...
Structural prameters for ideal-5-tridymite obtained by our DFT calcula-
toN. . . . .
Structural prameters for stishovite obtained by our DFT calculation.
Defect formation energies of an oxygen interstitials in silicon crystal ob-
tained by my DFT calculation. (15 meanssilicon crystal in which N oxy-
gen atomsareadded aroundoneSiatom. ). . . . ... ... L L
Defect formation energies for oxygen vacancies in «-quartz obtained by
my DFT calculation (V5 means a-quartz in which N oxygen atoms are
removed aroundone Siatom.). . . . .. ..o
Interface enegies obtained by my DFTcalculation. Reference states are
silicon crystal and suitably strained SiO, crystal. Energies arein eV.

1-body potential parameters . . . . . . ...
2-body potential parameters . . . . . . ... Lo
3-body potential parameters . . . . . . ... oL
Structural prameters for a-quartz obtained by our MD calculation.
Structural prameters for 3-quartz obtained by our MD calculation.
Structural prameters for a-cristobalite obtained by our DFT calculation.
Structural prameters for ideal-/3-cristobalite obtained by our DFT calcu-
lation. . . . . .

43

45

45

46

47

49



6.8

6.9

6.10

6.11
6.12
6.13

Defect formation energies of an oxygen interstitials in silicon crystal by
my MD calculation. (1Y means silicon crystal in which N oxygen atoms
areadded aroundone Siatom. ). . . .. ..o
Defect formation energies for oxygen vacancies in «-quartz obtained by
my MD calculation (V3 means a-quartz in which N oxygen atoms are
removed aroundone Siatom.). . . . .. ..o
Interface enegies obtained by my MD calculation. Reference states are
silicon crystal and suitably strained SiO, crystal. Energies arein eV.

O coordination number of Si atom in amorphous SO, structure. . . . . .
Si coordination number of O atom in amorphous SO, structure. . . . . .
Density of amorphous SiO,. . . . . . . . . ...




010 OO0

11 0DO0oooon

111 0000000 S/S0,00

SO000000O0000oOoOo,000 (so,0)ooopgoogoooo,oo
000000000000 00o0.0o0b0boOo,0b00bD so0dooooooog
g,0udgoboogggoboda,0buooogboa,bboggg,ggaoood
Oo00,00000000000ooo0goooogooooDooo (Fe.2200),S
O0O00oo0OgOo s/so,0o00ooogooogn.

7 4 — )L FER(LRR
\ PN Y "VT%

j p & Si j
K Y

S— LB (X7 a>)

Fig. 1.1: A schematic illustlation of MOS-DRAM and various types of silicon dioxide
films.([1])

gbobbooobbuoogobbooooboboooo,bgoa,boggooboo
(CvD)OODOOOOOoOOO.0O0OO00ODOO0OOOOOO0ObOOOOOoOoOO
gbobuogooboogbbobooo,goggbbooooboggbbbon.g



O0,000000000,000000,000,8/so, 000000 cCcvbOOOd
goboboogooboood.
S/so,0000D000,0000,0000b00oooooooogooooo,
goodboobobobbobobbbo,bbobbobbbbbbbobobdgogod
O.00b0000ob0oobobooob,0opboobbo0oobbobobooobooog 10nm
gobobooobooag,bboogbbobogoboboobobobodg,bod
gboboboooboboooobbuoooobbobogobbbooobobbod
goboboooobobooogobobbbooooboooon
gobobobouooooboogoobbobodgooobobooogbboboaon
gbobobooobobogoobbuoooobbbooobbbooobobbod
O00000000O000O0Vomer-Weber OO OOOOVWOOOOOODDOOO
gbobobooobboboooobbuoooobbbooobbbooobobbod
00000000000 00000000000ODODOODODO0R Capillary-induced
growthstressD O OO0 OO0O0OVWOOOOOOOOOOOOODOOOOOODO
gbobbooobobooobbbuoooobbooogobbobooobobbod
gboboboooboboooobbuoooobboogobobbooobobbod
gogddgooooooooooooboboobbobobbbobbobibooon
gbobogboboogbobooboboboogbooobooboogobogobod
gobbooooobbooobobbboooobbobooobooobobobog
gboboboooboboooobbuooogbbobogobbbooobobbod
gboboboogobbuoooobboboogobbooon

112 S/Sio, 0000

11100000000 S000000000000000000 S0, 0000
000000000.00000S0000000000000000,000 &
Si0,,¢-SO0000000000000.00000000000000000,0
00000 Fig. 12000000 S0,00 SO0 SO, 000000000000
000000O000.000000 aS0, 0000 S/S0, 00000000000
0000,0000,S-S00000000000000000000000000
00000000000000000000,S/S0, 0000000000000
sOoOoO0000O0,000,000S000000000.

00,S/S0,000000000 S0, 0000000000000.00000
000O000,S000001000000000000000,00000000
00000000 S0,0000,0000000000000 80,000,000
0oooooooooo.

A.Ourmazdeta.[2] 0000000000 (HRTEM)OOOOOOOOOOOO
0000 S/SI0,(000)000000,Fgl3000000000000000000

8



Rk X (SiOx)
___________ 0 1 2

| D
~4nm BAEE Sio, R
0.3~3nm
0.1~0.4nm ﬁﬁ

Fig. 1.2: A schematic illustlation of Si/SIO, interface.([1])

00000000 SO00D0O0O000O000000.00,00000 Si/SiO,(001)
obooobooboboobooboooThOhOOobDoDO.

ol -, { ol (o) { ol Lol
G - - " d
ol oD o ol Lol o o )

TS L
SOCCIX, o

oSi
[110] 0

Fig. 1.3: A schematic illustlation of pseudotridymite Si/SiO, interface.([2])

Y.lidaeta.[3]0, 000000000000 Si/S0,(00)000000,000
000 XOCTROOODOOO,00000000000000000000000
0000000000.00,00000 S/S0,(00)0000000000000
0oooOooocoooooo.

Kageshima and Shiraishi[4) 00000000 S(100)0 00000000000
000000,000000000000000000000. 00,00000
Si/Sio,(00) 000000000000 0000QUIOOOOD.



113 S/so, 0000000

11200000000 S/S0, 00000000 S0,000000000000
0000000000.0000000000000000 Si-0,S,_,(x=1,2,3,4)(0
000000 S*+00000)000000. Fig. 1.40 Himpsd etal.[5| 0000
Si/Si0,(100)0 00000 Si2p0000000000000000000. Si/Si0,(100)
00000 S, S, S, S 00000000o0o0onoo.

Si 2p Sa100}

he = 130 eV Oxicized in 02

Photoemission Intensity | Arb. Units |

-107 -106 -105 -104 -103 -102 -101 -100 -99 -88
Initial-State Energy leV relative to E )

Fig. 1.4: Intermediate-oxidation states at Si/SIO,(100) interface, identified by their Si 2p
core-label shifts([9]).

SO0O00 so,000o0fdfpoooooooooooooooo,coooogoo

10



O00000O000DOOO00O0oooO0oooOoooooooooien,uoooo
0000000000 0DoOooooooooo (.
SO000000D00000000 sp3000000000000O0DO. 0000
0SOo,00000000SOOoodggoooooogoooo,ogogogd
O00,50%0 sp30 0 0000000,50% 000000000000 00bDo.
oooooo,s/so,00fd0 sooofooooooo,0gooooooon,d
0000000000000 0000D000D00O00.0000 Capronet a.[8) O
S/so, 000000000 000oOo00gooooooo0gooooooog
O0000O000.000D00 [9Qooboo0oooooooooo.

114 00O S/sSC,000000000D0O0D00O00DOO0O

O000000ooOoooog s/so,0000oooonooooodn. R.Beczko
ed (1000 TOOD,QOODO,CO000D00ODODODOODODOOODODoDOoDOn
O0000000000000D0000000D000D000. T.Yamasakid a.[11] O
OO0 TOOO,QO000,CO0D0000DODODOODODODOn,SOo, 00
O0000000000000D00000. A.Bongiornoand A. Pasquarello[7] O O
000000000000 000000000000O0000000 s/so,000
oo, 0doooobooodooooooooobooooooooood
00000, Kageshimaand Shiraishi[4] 00 000000000000 Si(001) 00
oo, ogoonooodoooooooooooon
O0.000000,00000000000000O00D00010000,000000
doooobodoooooooooooo.

0000000000000 S/so,000o0ooooooooooDon. J. Tersoff[12]
000000000000 000000000000D0000000 Keatingd O
0000000000000 000000000000, aS/c-Si0,(001) 0000
O0,0000000000000000000000. T. Watanebe and |. Ohdomari
oswooooooooog s/so,0odonoooooooMod0onoooonon
OO0000O000[1g,soo)iod0ooodooononooooooooood
O00.T.Umenoetd.[14] 0 Tesoff OO D O0O00O0O S/SO, 0000000
0ooooodooooooooooooooooon.

O00,00000000000000000000000000D000 S/SI0,0
gooooboooooooooooog.

11



12 0OO0OOOd

0000000000000 00DO0o00nD e-S/easSO0, 0000000000
gbodoggubbobooboobuogboo.gobooboonobooban
goboboooboobg,bb,g0bbuoobbbodoobbooogoobog
00,00000000000D000000DODO000 eS/aSO, 0000000
OO00000.0000,0000 cS/aeSO, 0000000000 O00O0DDOO
OooooOo,0ogoo s/so,0fdoofooooooooooooo.ogo,
1130 000000000000 00000DOOoO0O s/so,0googooog
gooboogoobobooooon.

13 0ooooo

010 00 OO,0000b000b0obboooboobbo,boooboooboo.

020 0000 O0O,00bD000O0O00bDO0bDOobDobOobooboO.

|

30 bdbobo0ooU0b0U0 Do, 0obooboooooDoobOoobogoo
gooboogboog.

|

40 00OOoobOOooObOobobobOoOobOoobOo0obo oo,booboboooo
gbbogoobboboogobobooogbbobouooobobobod.

|

s oooboobuooboboobooboouoobon0 b, 00booo
gboboboogbboboooobooobbbooooboaod.

|

60 JOO0O0OOO0O0OO0OU0OU0ODO DO, 00b0b0DUOUoOoUbobOOoobobDooo
gboboogooboboooobobooobobog.

Ov000 bDOooObOOoobOoboboobobooobooobag

12



020 0000

13



21 00

gobbooobbooggbboog,bbbooobobbo,bbboudgobon
gooboooao.

22 O00O00O0O0O0O

gbogobobog,bogbbogboobobbuoobbooboboboobbd
gobobbooooooobo,bboooooboboboooooooboboog,
goboboobbbodgogo.bodoooooobobbbbooooooan
gbooboooooog.
gooo

() 0000000

() 0000000000000000 (book-keeping )
(3 0000000000000000

(4) Velet 00000, At00000000000000
(55 000000

(6) ()OO0

gbobobobooggbobouooooboboooon.

221 0OOO0O0OO

0000000 10*00000000000000000000.000,000
0000000000000 000000000.00000000000000
000000000000000000000.00000000,0000000
OLO100000 (unitce)D00,0000 (imageunity 0000000000
0000000000000 (0 21)0,000000000000000,000
0000000000,000000000.

2.2.2 book-keeping [

goodooboobobobobbbobbobobobbobobo,bbbbbobbb
gobobobobbbodogooooobobobbobob.obbbbooooooan

14



f boundary

K1epunoq
Alepunoq

/ unit cell
O [ boundary

image cell

Fig. 2.1: Periodic boundary condition

gr.0000,0000000 -, 000000O0O0DOOO00O0O00OO0O0O0O,000
gbooogbooogbbooobbodboobbo.gg,buoobood -0og
guogdobogbobobbbobbbbbobobobobuooooogoog,aod
o000 0000000 R(>r.)000000000000COCOOOOOOO
O00.000000 book-KeepingD OO O. 0 22000000000. R.,,00
oooobooo N,OO0bhobooooogoo.

00 7KOOOOOOOO0OO0O00000000000.., 000.000000
00000003000000(@O00000),%,, ~3%7,,0000000 (O
00000)N,At0000000000000000000000000000
0 Ar,=oT, NAtOOO,r O Ar, 000000000 N, 000000, R(=

maxr

r.+Ar,)00000 000000000 OCODOODODOO.

223 EwaldO OO

gooouoobogoooobbobibogguooogooobobobooooag,
gobbobogdogoogooobbobbbobboooo.bbooooooan
000000000000 00000BEwadOOOOODO.O0000DOO0OO,00

15



Fig. 2.2: book-keeping method for MD calculation
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O O fe

goo.

233 UO00OO0OO0ODDOOOO

kohn-shamO O OO OOO000OOCCOOOO,00000000000D00C0O0O
gbobboooboogbbbooobbooo.gpbbooooo,gonbod
UOscreen 000000000 0OO0O0OO0OO,0000000000000000
gboobooobodoooboobooboboooooboobobobb.on
goboboooboboooobbuoooobboooobobobooobobobod
gobbboogobbouooobobbbooogoboooooboboboood.
goboooogobbobogod.

lk+G>=QZexpli(k+ Q) (2.39)

O00,Q00000000,G00000000O0,k0BrillouinCO000OO00O0O
goooog.
go,0dgggbboooggbobodagd.

0! [expliGrldr =3 (2.40)
oo, oo oooooooonouoogog.
@1v)= [ (1) (r)dr? (241)
000,0 (239, (2.40), (2.41) 0 O
k+Glk+G) = / (% expli(k+ @) Qb expli(k + G)]dr®
— 0! / exp i (k + G)lexp[i (k + G)] dr’
— Q—l/exp i (G — Q)] dr®
5(G'_G),0
— g (2.42)
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0000000000000,
000, kohnshamDOO0D00000000000000 (k+G |- (%) V2 [k+G')
000000000.0 (2:39), (240000

h?
<k+Gw—Q—)v2
2m

k)

:=/@T%mﬁ%+G%m*F&%JW%T%WH%+G%ﬂM3
::Q*/@m}mk+Gyﬂ{—G%)vﬂammk+quuﬁ

2

= Q! emﬂ_uk+mn-ﬂ{_(§%)}@ﬂk+crF}mmuk+cwyﬂdﬁ

:sri(#)|k+Gw{/mmguk+Gyrkmﬂuk+Gq4qw3
)

m
h?
= |— | k+G PSq e

00000000000000000.0 (2310000 V(r)00000000
0000000,0000000 VPS(r)000.a00000000000000
0VF()(ODODOODOOO00D000000)000000 ¥, AHVYE(rR(00
p0a00000000100000000000000000000,00000
0000000000000)0000000.000,000000000000

0000000000 V,(r)DOOOOD0O00O V(v DDODOODOOOOOOO,.
V(T‘):VL (’I")—I—VNL(T‘) (244)

0000000000 Vi(r)=Yp¥e, Vi (r—R—t,)0t, 0 a000000
000,RO000000000)0000000000000000000,00
0000000 w(r)(000000 ROOOO,u(r+R)=u(r)0000000
0 GOO000000000000000000000000O,

u(r)=> u(G)expliG- 7] (2.45)
G

24



0o,
— 0 / Yexp [—iG - v] dr® (2.46)

000,V (»)DOOODOOOOOO0OO0O0O0OOODOOOOOOO,

Vi (r) = ZVL Jexp (1G - ) (2.47)
VL (G) = Q7 /VL (F)exp (—iG - )dr (2.48)
— 9‘122/\/f (r — R —to) exp (—iG - r)dr (2.49)
— 122/% r— R—ty)exp(—iG- (r — R— tq))dr (2.50)

R t,
= IZVL yexp (—iG - 7) (2.51)
VIG) = /vf (P)ewp (—iG - v) dr (2.52)

000, 000000000000000000000.000,V,(r)0 <k+dG|
Ok+G >0000000,

(k+G|VE(r) | k+G') (2.53)

— <k + G‘ZVL(G)eXp [iG - 7]

k)

= /(Q 2exp[(k—|—G ) S VE(G") exp[iG" - P]Q” 2exp[(k—|—G') ] dr®

G/I
= Q° /exp (k+G) ?] > VH(G")exp[iG" - rlexpli(k + G') - v] dr®
G/I

= Y VHG) O [epli(G + G - G) - r]dr

G/I
— L "
- Z Vv (G )5(G'+G"—G),O

G/I
— L "
- Z;,V (G )5G",(G—G')

G
- V(G- @) (2.54)

gdg.

O00,Kohn-ShamO O OO0OO0OO0OO0DOOOOOCOODOOOODOOOO.
k+G | H|E+G) (2.55)
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h2
= (%) [ k+G g g+ Vi (G -G

AW (k+G k+G)+Vy (G—-G') + poe (G —G') (2.56)
oog,vyoooooboooooo,

Vi (G) = 872(?)

(2.57)

Ooo.0000b0ond00O000 Ee-0000000000000 C;;JFGDDD
00,0000 ¢, (r)00000000OO.

U (1) = 3. Ch ol + G > (2.58)
G

000 g, 000000000000, 0000000000000000000
O2000000000.0D00,000000DO0ObDOobOOOOO.

occ B.Z.

plr) = Z%l%(rﬂ?

occ B.Z.

= > >33 CIZ+GCIZ+G'Q_1€xp [ (G—G"-7r) (2.59)
n k G GI

gboobgbobbodgbboboooboobooboboa,bobbadgobd
goobob.oboougo,gobbbuobodooooooboboboobooog,d
00 pprew = (1 =) pin+ap,,, 0000 000000000000O0,000000

gbbuogooboogbbobooobbooo.goob,oobbbodgobod
N°O0000000000000000.

234 0J000O0O0DDOODOO0ODDOOOODODOOOODOOOOn

000000,Kohn-ShamO OO OO0 0D0O0O00O0O0O0OOOOOOOOOO,N?
gbobogooboogbbo.obog,booggbobooobbbogobog
0000000000 000D00,000000NogNOOODDOOOOODO.O
O00000D0O0000000,000 Car-Parrindlo0000.00000000O
O Car-Parrrindlo 0, 00000,0000000000.

O00{x} 0000000000000 Lagrange0 OO0 O0O00OO0ODOODOOOO
goboo.

Etot = Fi — Z )\ij (<¢z|¢]> - 52’;‘) (2-60)
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gobobooggoboaod.

aENW?,‘O?,‘ _ aEwtot
;" ;"

Vi — APy = [H — A ¥ (2.61)
(A = (s H )

00 -[H-)\y 0000002000 (00000000)00000000
Car-Parriinglo 000 0. 000000 ¢ 0D000000000D0DDOOO,000
ooooo.

pibi = — [H = N, (2.62)

00 -[H-)\»00OOOOO 1000 (@0O000000)00000ooooooan
000.00000000000000d.

pibi = — [H — A (2.63)

00 -[H-\¢0000D0OOD0D0OO0O0O000000000000000000.O
ooooo0oooooooO.

» 000000000000 00000000000000000, 0000
—2e — —[H - My, =00000 ¢ 0000.000 Hy; = My 000, Kohn-
ShamOOO00OCOO0OO0OO0OOO.

235 VASPOUOUOGOOoooooo

goboobobobobobubobobobbuobooboboobbooon
VASP(ViennaAb-initio Simulation Package)[18) D 0 O 0.0 0000000 OCOO0O
goooooooo.

o—quartzO0OO0O0O0O00OOOOOOODOOOOOOODOOOODO. KOO
Monkhorst-Pack 0 0 000000 4x4x40000000000.000000 18
goood.0obbobbuooodo, bbb b oououoboooobobon
O00000000.0000000000000000000, Murnaghan-Fitting
O00,00000000.00 Table 21000 PAWDOOOO,00000000
O0000,000000000000,0000000000.PW910 Perdew [
WangO OO GGAO OO,

000 Table. ??0 Table. 2100000000 ae—quartz00000000003
(2510 00000.00000000LDAD GGAOODODODODODOOODOOO
O0000000D000.GGADOO LDADDDODODODDODOODODDOOOOoDOOooO
0,000 LDAGGADODOOOODOOOO. LDA-PAW,LDA-highD OO OOoOoOOd
0000, LDA-mid, LDA-lowO0 00000000000 0O0OO,000000000
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Table 2.1: Calculation Conditions

LDA- LDA- LDA- LDA- GGA- GGA- GGA- GGA-
PAW high mid low PAW high mid low

PAW o} X X X o} X X X
E.utor/[€V] 1000 520 400 350 1000 520 400 350
Xc type LDA LDA LDA LDA PW91 PW91 PW91 PWI1

Table 2.2: Calculations for equation of states
exp. LDA-PAW LDA-high LDA-mid LDA-low
E[eV] 19.2 22.46 22.24 22.32 22.17
aA] 4.9160 4.8829 4.8833 4.8908 4.9185
c[A] 5.4054 5.3760 5.3786 5.3738 5.4030

B[GP4] 34-37 33.27 33.16 31.72 27.93
GGA-PAW GGA-high GGA-mid GGA-low other theory
E[eV] 19.74 19.90 19.86 19.74 22.4

aA] 5.0140 5.0275 50282  5.0383 4.8756
c[A] 5.5006 5.5221 55205 55227 5.4052
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obhooboooboboboobo.booboo,L,bA-,PAWO O oDoonooooon
1000evOI 0O OO0DOO0ODOOOO0ODOODOODOOODOODDOODOOODO
O000000.000,0000S-00000000000000O0 LDA-highD
gbooboooggoog.

24 O000o0obO0OOooobooooo

OO00000O0d0oo0DO,0000@oOo)boo0obooobo0ooOooDoooo
g,0ugoboogogo,og,gg,buoogobobogo,gggobooob,d
gogdboobobobbbobbbbbobobobobooog,guooaoaod
gobooboogogbobobogod.

Ooobooboobooboooboboo2000o0ooo,boboobooo
gbooooboobogbooobobobobooboa,booboobbooban
oboooooo.boboboobbuoobboobbob 1looboobooooo
O0000O0,00000000000D00000O [19].

Oooobooboboboooboobobobooob 20b0b0bobobooooboo
gobo.0b0,g0bbboogobbobbooobobuoooobbboboaod.

241 OO

gbooobogbuogbbobboobbooboobodba,booboabon
OO0o000.0000000b0obooboboooboboboooooooDOo 20
goodoboobobobbobobbb,bbbobbbbbbbobobobdgogod
gbobobooo,buogbbbooobbobooobbo,oobbbooodgoboobog
guoodbogbobobbbobbbboboboboboao,obobgogod
gogo,odbggbbogobobbogbooboooboobobooban
gboboboogoobooooon.

242 00O

gbogobodgbuogbboboobbooboob,gboobooboabo
gobo.0obbboobobobobooogbbobooobbbbooooobobobod.

Linear Crossover

Linear Crossover 0 0 " 00 10 t000i0000000,\*0020t000

7

inonooooooo,o0s (M 4 PY), (e = 05 3Y), (<053 + 15y 3
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goboboooobbooogoon.

A Native Crossover

200000b00b0obobOob,0obDob0obogooo,boboboobooboOoo
OOo0.00010000300000000b0obooooboo

1,¢)

*)

Parentl : 1)

(et )

Parent? : (X(l“, g )Xi ),---,Xn )
Of fspringl (xﬁlt,xa é DU SRR )
Of fspring? : (XﬁZt,xa PO A ))

gboobooogboagd.

Blend Crossover

Blend Crossover (BLX-a) 00 4,0 0000000000, 0000000i00
ooo Mo

A = (1= g (2.64)

O0000000.000,v=(01420)m —al0O0O.

243 0O0O0OO

gobobogobbobbodogobbouooobboooobbobooonbon
goboboobobbobodgoo.bgodgooooobobbbbooooooan
goobooogogoog.

Random Mutation

0000000000 000000000000,,0000 1000000, 0
00000000000 O0ooooooooooioooooy™oioooo
noooyWioooooooo yWooao,

K3 K3

y2(1,t+1) — (XEU) . XEL)) (2.65)
gooogo

y D = D (s 05) A, (2.66)
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O000000D0.000 A, 00000000DO 0000000 0oogoog
gooo.d

Normally Distributed Mutation

000000000 N(0,¢)000,00000000000000000000
oooioooooydtg

ytt =i N (0,0) (2.67)

gbobobodooo.gobbeebbuoooobbboooonbbon.
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31 00

gbobobogobbobodogbbobbooooobboooobbboooboon
g,0udgbobboogbboogobboogb.bbbooobboodgobod
gobobooobobooobobo,obbobooobob,bbbooodgobod
gbobogo.gobbbooboboogooo,bbbooobbboobobod
goooo.

32 000000 UO0oO0obouooooooooon

000000000 Tersoff 000000 [20]0 Brenner 000000 [21] 000
0000,00000000000 p<Y0000000 E°000,000000
00000 f,0000000000000000000000000.00000
0oooO0oooooooo.

1
Q = B+ e (3.1)
i i
¢y = B+ B+ B (3.2)
1
EFY = Bo+ i+ §J¢q¢2 (3.3
E;jep = fo(rij) (@) Aij exp(—X155735) (3.9
B = —fo(rij) Geov (@) Bijbij exp(—Azi;7ij) (3.5)
pgr = T (36)
TZ']‘

ooor-;0004Lj0000,000i1000000,v,/0001000000
ooooooooooo, 0000000000000, Ay, B,;0001,j000
OO000CO00000,0000000000000, M4, ;000000000
oooooo,000ooooooooooo,s; 000y, joooooobooooo.
Je, U000 ouoboogoouogbboobboobboobo,bo
goboboogobobooooobobogod.

33 Jooooog

O0[22000000000000DO0O00,00i0000ooooogoooo
(00 LDOS) O ny(k),Fermi 0 00 F00000,00000000000 FEyanas
0

Ep
Erands = / Eni(E)dE (3.7)
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Ny/W

DOS

E-W/2 E,E E+W/2

Energy

c

Fig. 3.1: rectangle approximated band

oo00o.0bog,boobwdboooboog N, 0ob . 0b00,0000
O000000,000000((Lbosudn)o Ny/Wooo,

Ep N, E2 N, 1P*
En:/ Egp = |22 38
i = [ ERE [QW]_M 38)
D00.000NOOOOOOOOOOOO0O0OO0ODOOO0On,
Er Ny NOEF
N:/ —dE:[E—] 3.9
-%ip. W Wl w.p, (39)

0000.000,0(38),0(39000000,0000000000000.
W N (N — Ny)
2 Ny

0000,00i10000000000p0000000 4,,000000000

0,001,)000000000000000000000O0O0OC0OODOODOO0O H;
gooboo,

FEyandi = + NE, (3.10)

+ oo
fpi = / EPn(E)dE
= > HupHps-Hypa (3.11)

1,42, ip
O000000000.0000000000000, 000000000 200 W?
O000000O002000000@O0)0,00000000000000000
O02000000000 H;=H;=h000,

1 Z:h?

M2
W2 = o, = FOZH”H]Z = NO (312)
72 ]
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O0C0.000 zZz,000i000o0oooDO.ooDO,000D0o0000goooDoood

By IN(N=No)W  _E,
Ebond,zy — ZZ — 9 NO ZZ + NZZ

(3.13)

ooob. F000000000DO00L0sObO0b00bobooo,obobobobn
ooboooboobooboo k., 00000o00obon E,O0o0o0a0,

E. N

Emp == N?ZC == ZZAZJ:S” = ANs (314)
LN (N = Ng) W
Ecov = 5T A = 1
2 No Z; (3.15)
OO0 ADOOOO0),00000000
E.
Foey = N? = Nsx N (3.16)
By o 772 (3.17)
By o N(N = No) (3.18)

000.0 (3.17)0 Abell-Tersoff 0000000 [20][23] 00O ODO,000,0 (3.4)
0000000 ¢.,00 (350000000 ge, O

Yrep (%) - Nz (319)
Geov () = N;(N; — No) (3.20)
Ni = Nneutral,i — g (321)

Oo0O000O0O00o0.000 N, OO0 i0ooooooooooooooooo

O,Newtr; 000 100000000000 COOOO0OOOOODOOCODO.
gbobbogg,ggoobbbooobbbooobboooob,ognooon

gboboog,gggboboboogboo,bbobbodbboobboobboobn.

331 000ODOOoOoooo

gboboboogboboooobobbboogoobogoooboog.

1
o = > BV 4 5 > b (322
i i#i
¢ = EGP+E7+ES (3.23)
se 1
B = B4 g+ §Jq? (3.24)
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E;;p = fc (Tij) (1 —|— Q) Aexp (_)\Arij) (325)

i
E = fo(ri) fo(ai)bi; Y Bmexp(=Ag,rij) (3.26)
m=1,3
ger = 1% 3.27)
TZ']‘
-
b = (1+¢7) (3.28)
Q, = Z fc (Tzk) {C + d(h — COS(gijk)z}
ki,
5
x exp[a{(rﬁ——fﬁa —(fﬂr—-R;)}] (3.29)
1 ri; < Ry
fc (TZ']‘) = % {1 + cos (W(éij__]il))}Rl <ry < R (330)
0 ri; > Ry
Ni (q:) (N? — Ni (4:))
i) = ¥ 31
B = N o) (331
Ni(q) = Nl —g (3.32)

000r,0004,;0000000,4000:0000000000.00000
f/,000000000000000000000000000000000000
0,N000i0000000000000,N000000000000000
000.000,S00000 30000000, N, =8, Neewtrel = 400,00
O00002s000200000000000000000000000000,2p
0ooooog, NS =6, Ngewe =4000. v, J,n000:000000000
O, A, By, Aa, g, Q, R, Ry, F°000 4,; 0000000000, a,¢,d,h,a,30
004,5,k0000000000000.

34 OO

000000000000, Tesoff 00000 O0ODOOODOOOOOOOOOO
goobooogogoog.
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41 OO

gbooubodbobobbgboooboboboobo.ggbooboabon
gbooobodgbogboobooobobbogo,0bogbogboobod
gbobogoob,ggbbugbbbbooobbooooboogbbbon.g
O0000000000000000D0000000000 VASP(ViennaAb-initio
SimulationPackage)[18] O O 0 0.0 0000000000000 0ODOO0OOOOO
goboo.

42 0O0O0O0O

O000000000DO0OD0O0000LSbACODODO.O00000D00DO Vanderbilt
O00000000000000000[24],00000000000 RMM-DIIS,
OO0O00o00O0o0o0ooboo0oD0oobo0.0o,00bb00b0o0o0ooboOoD 520ev O
O0.0000000000000000D00 41000000. KOO Monkhorst-
PackDODODOODOOOOOODOOO.O00OO0ODOOOOOODOOD 440000

0oo.
Table 4.1: Calculation conditions of DFT calculations.

Speices number of S atoms number of O atoms K point mesh by MP
a-quartz 6 12 4x4x4
B-quartz 6 12 4x4x4

a-cristobalite 8 16 4x4x4
ideal-3-cristobalite 8 16 Ax4x4
ideal- 3-tridymite 8 16 6x4x4
stishovite 2 4 6x6x8

I} 64 1 2x2x2

I} 64 2 2x2x2

I3 64 3 2x2x2

I} 24 47 2x2x2

I3 24 46 2x2x2

I3 24 45 2x2x2
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43 ODOO0OO0OOOOoo

000000000000000000000000000000 alpha-quartz
0000000000.00000000000000 e-quatzDOOOOOOO
00000 (4)00ooooo.

(x—%) si+ 45104 (ag) = 81,0, 4.1)
000000000 AFO0ODOD0 42000000.

AL = (:1; — %) Eg + %ESZOQ(M) — Esi,o0, (4.2)

4.4 00000

OO0000000000O0oo00oooogoogoooog. so,00,00
0,c-S/c-SO, 0000000000000,

441 SO,00

Fig. 4100000000000 SO, 0000000000 0O0DOO0. ided-g3-
cristobalite 0 ided-g-tridymite 0 00000000000 OCOOOCOO.0O0O [25
O00000FQg 42000000000000000,000000A0 stishovite
gboobooggobooooboboooooobog.

-20.6 T T T T T T T T
alpha-quartz
beta-quartz -------
alpha-cristobalite --------
-20.8 - " ideal-beta-cristobalite T
i ideal-beta-tridymite ---—--
@ stishovite -------
21 - i
-21.2 +
3 2l4 | X
g V n L]
b5 |
S -216 - @
) ] Y X
9] \ 7
H / 3 \ / 1
218 i ; X v X
: i \ v /
¥ /
\ 0 ¥ /
22 - 0\ v,’ A /i
) V4
222 | Q
wﬁ
_224 1 1 1 1 1 1 1 1 1
15 20 25 30 35 40 45 50 55 60 65

voIume[angstrom3/molecular unit]

Fig. 4.1: Binding energies as afunction of volume.
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Fig. 4.2: Binding energies as a function of volumein Ref.[25].
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OO00DFTODO0O0OO0O0OOODOODOODOD0 Fg. 430 o-quatzO 00O, Fig. 4.4
O g-quatz0 0O 0O, Fig. 450 «-cristobalite 0 O, Fig. 4.6 0 ideal-/3-cristobalite [
00, Fg. 470 idea-s-tridymite 0 O O, Fig. 480 stishoviteO O OO OO .

Table. 420 o-quartzO0 OO0 0O, Table. 430 g-quatzO0 0000, Table. 4.4
O a-cristobalite 0 0 0 O O, Table. 450 ideal-3-cristobalite 0 0 0 O O, Table. 4.6
O ided-g-tridymite 0 O 0 0O O, Table. 4.70 stishoviteO O OO OO OO. idea-3-
cristobalite ideal-g-tridymite 0 000 000000000000 ODOOOO. ideal-
p-cristobalited idedl-s-tridymite D 00 00,0 0000000000 OOO0O0O,O
0ooododoboooooodo.gooooooooooooooonooooo
gooo,0o0oooooooooooooo.

O000ooooooboooo,0odooooooog,LbA00ooooon
Jdddddoooo,jgooooo LbDAO0O0D0O0Ooooooooooooood
good.

a-quartz0 o-cristobdite0 000 0,200 S-O000000O00O0OOOOOO0O
0oooooooooooooooooooooooooo.

N N

Fig. 4.3: a-quartz structure obtained by DFT caluculation

442 SOO0O0O

Table. 480 SOODOOOO0OOOOODFTOOODOOOODOOODOOOOO
000.00,I000S0000000SO000000NOOOODOOODOOO
000 SO00000000000.kFg. 490DFTO0O0OOOOODOOODOO
oo l1l,000000.
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Table 4.2: Structural prametersfor a-quartz obtained by our DFT calculation.

Expt. thiswork (LDA) other calc.”
aaxis(A) | 4.9160 4.883 4.8756
c axis (A) 5.4054 5.379 5.4054
dsio, (A) 1.605 1.605 1.608
dsio, (A) 1.614 1.610 1.615
/SIOSi (degree) | 143.7 142.3 141.781
K (GPa) 34-37 33 37
E(eV/SIO,) | 19.23 22.24 22.42

“ Ref. [26], " Ref. [25]

N N

Fig. 4.4: 3-quartz structure obtained by DFT caluculation

Table 4.3: Structural prametersfor 3-quartz obtained by our DFT calculation.

Expt.® thiswork (LDA) other calc.*
aaxis(A) | 4.9977 5.0035 5.0526
caxis(A) | 5.4601 5.5303 5.5488
dsio (A) 1.589 1.601 1.606
/SIOSi (degree) | 153.0 154.0 154.1
E(eV/SIO,) | 19.18 22.21 22.38

“ Ref. [27], " Ref. [25]
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N N

Fig. 4.5: a-cristobalite structure obtained by DFT caluculation

Table 4.4: Structural prameters for «-cristobalite obtained by our DFT calculation.

Expt. thiswork (LDA) other calc.”

aaxis (A) 4.9570 4.962 4.8756

c axis (A) 6.8903 6.898 6.9074
dsio, (A) 1.601 1.605 1.605
dsio, (A) 1.617 1.607 1.611
/SiOSi (degree) | 1455 142.3 144.9
K (GPa) 15.0 14.3 14.8
E(eV/SIO,) | 19.20 22.21 22.39

“ Ref. [28], ° Ref. [25]

Table 4.5: Structural prameters for ideal-3-cristobalite obtained by our DFT calculation.

thiswork (LDA)
aaxis (A) 7.3699
dsio (A) 1.595627
LSIOSI (degree) 180.0
E (eV/SiO,) 22.19
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Fig. 4.6: Ideal 3-cristobalite structure obtained by DFT caluculation

Fig. 4.7: Ideal-3-tridymite structure obtained by DFT calucul ation.



Table 4.6: Structural prametersfor ideal-/3-tridymite obtained by our DFT calculation.

thiswork (LDA)
aaxis (A) 5.2118
caxis (A) 8.5036
dsio, (A) 1.595
dsio, (R) 1.595
LSIOSI (degree) 180.0
E (eV/SIO,) 22.19

Fig. 4.8: Stishovite structure obtained by DFT calucul ation.

Table 4.7: Structural prameters for stishovite obtained by our DFT calculation.

Expt. thiswork (LDA) other calc.*

aaxis (A) 41773 4.1512 4.1612

caxis (A) 2.6655¢ 2.6604 2.6671
dsio, (A) 1.757 1.753 1.757
dsio, (A) 1.809° 1.809 1.798
/SIOSI (degree) 130.7¢ 130.7 130.6
K (GPa) 3.06-3.13" 2.82

E (eV/SIO,) 18.71° 22.25 22.35

“ Ref. [29], * Ref. [30], Ref. [31], Ref. [32],° Ref. [25]
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Fig. 4.9: 1}, structure obtained by DFT caluculation.

Table 4.8: Defect formation energies of an oxygen interstitials in silicon crystal obtained
by my DFT calculation. (I3 means silicon crystal in which N oxygen atoms are added

around one Si atom. ).
Defect Formation Energy (eV)
species thiswork (LDA)
1% 1.59
1% 3.03
I3 18.44
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000 Table. 490 o-quartzO OO0 OOOOOCODFTOOOOOOODOOOOO
0000000.00,V3000SO0000000NOOOOD0O a-quatzODOO
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Fig. 4.10: V{, structure obtained by DFT caluculation.

Table 4.9: Defect formation energies for oxygen vacancies in a-quartz obtained by my
DFT calculation (V5 means a-quartz in which N oxygen atoms are removed around one

Si atom.).
Defect Formation Energy (eV)
species thiswork (LDA)
Vi 0.95
Vi 2.08
Vi 3.01
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c-S/c-SO, 000000000000 0DOO00DO,00DOO0 LbAODOODO S
OO00oO00o GIoooo, 00000000 bO0ooogo0. ooooooo
Fig. 411000000000.

Fig. 4.11: c-Si/c-S O, interface structure obtailned by my DFT calculation. Left panel is
Q model. Center panel is C model. Right panel is T model.
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Table 4.10: Interface enegies obtained by my DFTcalculation. Reference states are silicon
crystal and suitably strained SIO, crystal. Energiesarein eV.

speices

thiswork (LDA) other calc. (GGA)*

Q mode
C model
T mode

0.50 0.70
0.81 0.90
0.52 0.75

* Reference[10]
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6.1 00O

gbobobooobbboobooobbouooobboooooboooooog.
gboboboboogobobboaobboooooboboooan.

6.2 ODO00O0OO0OO0OOOOO

Table. 6100 00000000000C00ODOOOOOOO 1000000000
gbooooga.

Table 6.1: 1-body potential parameters
parameter Si O
X 4114891 9.340187
J 9.974000 15.149490

Table. 620 000000000000 00OOCO0OOOO 2000000000
O000000.000 S-SO00000000 Tesoff3000000000O0O0O0O

Table 6.2: 2-body potential parameters

parameter S-S S-O 0o-0
A 1830.8 3067.500714 293.142892
B, 471.18  793.825398  77.415050
B, 0.0 21.295996  12.619222
Bs 0.0 2.829118 17.827039
A1 2.4799 3.797151 3.854535
A2 1.7322 2.612917 1.941106
A2z 0.0 2.118503 1.982586
A3 0.0 1.599460 1.985067
n 0.78734 0.513472 17.514677
5 0.577151, 0.650135 0.018635
0.0 0.000000 0.997957
Re 2.351000  1.609000 0.812486
Ry 2.7 2.100000 1.800000
R, 3.0 2.400000 2.100000

O0.Reys, 00000000 SOOOOODOOO,Reqo0 SO, 0000000
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O000000. R sio,Rioo0 00000000 SO, 0000000000, O,
gobobboogobobooooobobboooobouoooooDon.

Table. 630 000000000000 00ODOOOOOOO 3000000000
gbooooga.

Table 6.3: 3-body potential parameters

Si-Si-Si Si-Si-O Si-O-Si Si-0-0 O-Si-Si 0-Si-0 O-O-S 0-0-0

p | 5197495 3250271 3.250271  3.052696 5517887  1.305477 1305477  1.015152
c | 00 0.000000 0.000319 0.031647 0.520202 2.392827 0.520202 4.670114
d | 016 2392827 0.206436  1.622795  0.434613 0.020640 0.000050  9.959086
h

-0.598250 -0.338369 -0.745587 -0.271568 -0.827477 -0.000693 -0.000975 -0.462512

6.3 U00O0Oooog

LDAOODOODOOODOODOOO0OOO,000o0oooooooooo,ccon
O0000000000D000000000,000000000.000 0.01[GPe
doodoodooooooooooooon.

000 Table. 640 o-quartzO O OO0, Table. 650 g-quarz0 00 0O O, Table.
6.6 0 «-cristobalite0 0 0O 0 0O, Table. 6.7 0 ideal-g-cristobaite 0 0000 ,000.

OO0oOoooos-onoooood 1.57ADDDDD,DDDD LDAOOOO0OO
O0000.000000000000000200000000000000A0
gooooo.ooo, oo oog,oooogogooooooo
goooooooao.

O00000,0000000000 c-quartzODOOODOODOODODOODO 300
O00000000.00 ided-g-cristobaite 0 00 00 000000000000
goooon.

0000000000000 000000, a-quartzO «-cristobalite 0 00 0O O
S500KO 10psec0 000000000, 00000000000000000O00O0DO0.
000000000000 3240000 e-quartzO0 00 Fig. 610, 0000000
000001920000 e-cristobalite0 00 Fig. 620 00. 0000000000
0oooooooooooon.
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Fig. 6.1: «-quartz structre before annealing(upper panel) and after annealing(lower

panel).
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Fig. 6.2: «-cristobalite structre before annealing(left panel) and after annealing(right

panel).

Table 6.4: Structural prameters for a-quartz obtained by our MD calculation.

Expt.® thiswork (LDA) thiswork (MD) BKS* Tsuneyuki*c
aaxis (A) 4.9160 4.883 4.8607 4.941 5.02
c axis (A) 5.4054 5.379 5.2800 5.449 5.54
dsio, (A) 1.605 1.605 1.570 1.597 1.63
dsio, (A) 1.614 1.610 1571 1.605 1.64
/SIOSi (degree) | 143.7 142.3 146.5 148.1 147
K (GPa) 34-37 < T 33.7
Ci: (GPa) 868 - 26.83 9.05 7.17
Cs3 (GPa) 1058 - 30.73 10.70 9.09
E(eV/SIO,) | 19.23 22.24 1927 e e

“ Ref. [26], * Ref. [33], ° Ref. [34]

Table 6.5: Structural prameters for 3-quartz obtained by our MD calculation.

Expt.* thiswork (LDA) thiswork (MD)
aaxis(A) | 4.9977 5.0035 4.9623
c axis (A) 5.4601 5.5303 5.4517
dsio (A) 1.589 1.601 1.576
/SIOSi (degree) | 153.0 154.0 154.82
E (eV/S0,) | 19.18 22.21 19.17
b Ref. [27]
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Table 6.6: Structural prameters for a-cristobalite obtained by our DFT calculation.

Expt.® thiswork (LDA) thiswork (MD) BKS* Tsuneyuki*®
aaxis(A) | 4.9570 4.962 4.9162 4.920 4.99
caxis(A) | 6.8903 6.898 6.6525 6.602 6.66
dsio, (A) 1.601 1.605 1571 1.608 1.56
dsio, (A) 1.617 1.607 1.572 1.595 1.69
/SIOSi (degree) | 1455 142.3 146.9 143.9 142
K (GPa) 15.0 (7% T — 20.3 17.2
Cu (GPa) | - e c]0 )<Y
Css (GPA) | e e 70 < S —
E (eV/SI0,) | 19.20 22.21 1929 e e

“ Ref. [28], " Ref. [33], © Ref. [34]

Table 6.7: Structural prameters for ideal-3-cristobalite obtained by our DFT calculation.

thiswork (LDA) thiswork (MD)
aaxis (A) 7.3699 7.3398
dsio (A) 1.595627 1.5891
LSIOSI (degree) 180.0 180.0
E (eV/SIO,) 22.19 18.83
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64 O0O0OOOOOO

000 Table. 680 SOODOOOOOOOOOMDODOOOOOOODOOOOO
O00000.00o00000db0 420o0ooooo0o.ggopooooooo s
OO00000 S-SOo0o0bOOo00UooooooUOooooccoOooooood
obhooboo.oboboboobobooDbFTObbOobbOobOobobOobobon.

Table 6.8: Defect formation energies of an oxygen interstitials in silicon crystal by my
MD calculation. (I3 means silicon crystal in which N oxygen atoms are added around
one Si atom. ).

Defect Formation Energy (eV)
species | thiswork (LDA) thiswork (MD)
4 1.59 1.68
I} 3.03 311

000 Table. 690 c-quartzOODOOOOOOOMDODOOOOOODOOOOO
O000000.000 e-quatzOOOOODOO SOODOOOOOOOOOOOO
OOo0O0o0oO0o0obooccUbubouonobooouoooo.oooobooogon brET
gboboboogoobobooooon.

Table 6.9: Defect formation energies for oxygen vacancies in a-quartz obtained by my
MD calculation (V3 means a-quartz in which N oxygen atoms are removed around one
Si atom.).

Defect Formation Energy (eV)
species | thiswork (LDA) thiswork (MD)
v 0.95 1.17
VY 2.08 2.30

6.5 c¢-S/c-SO, 00000000

000 Table. 6.100 MDOOOOOOOO ¢-S/e-SO,00000000ODO. c-S/e-
SO, 00000000 @300 0Uoooooooonon. Cmode, T mode O
O0O0O0ODFTO00DOOO0ODOOO0ODOO0OOO,Qmodd 00000 DFTOO
goboboogoobooooobobog.

O0000000000000000O00,Qmodel,Cmodel, Tmoded DO OO0
S00KO 10psecU 00O 0OO0DOOOO,000D0OO00OO0ODOODOODOUODDODO.
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Table 6.10: Interface enegies obtained by my MD calculation. Reference states are silicon
crystal and suitably strained SIO, crystal. Energiesarein eV.

speices | thiswork (LDA) thiswork (MD) other calc. (GGA)®
Q model 0.50 0.07 0.70

C model 0.81 0.88 0.90

T model 0.52 0.56 0.75

* Reference[ 10]

000000000000 e68O000O0QmModed 000 Fig. 630, 0000000

0000080000 CmModd 000 Fg. 64000. 000000000000

09220000 Tmodel DO 0O Fig.65000.0
gboboboogbobobbouoooboboooon.

Fig. 6.3: Q model strucure before annealing(upper panel) and after annealing(lower
panel).
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Fig. 6.4: C model structre before annealing(left panel) and after annealing(right panel).
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Fig. 6.5: T model structre before annealing(left panel) and after annealing(right panel).
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6.6 DO00O0O0OOOOOOOOO

000000 SO0, 000000000000 2210kg/m*0000000 32400
a-quartzJ 1psec 10000K O O OO 0O,6000K 00 OKO O 1IK/ffsecOOO OO OO
O.000 300K, 0Pall 10psecO 0 NPTOOODOODOODOOOODOOOO,O0O
O00000000000.000300000000000.kFg. 6600000
gobobooggbooboobood.

7

x

&

Fig. 6.6: Amorphous SO, structure

Table. 6.110 3000000000 SOO0OOOO0OOO0DOOOOOOO.400
OOoooo,7000000000,3000 25 0000,4000 9% 000000
gbooboooooog.

Table 6.11: O coordination number of Si atom in amorphous SiO, structure.
O coord. of Si

1 2 3 4 5 6

ratio | 0.003 0.0247 0.250 0.691 0.031 0.000
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Table. 6.120 3000000000 O00O0O SOOOODOOOOOOO.200
Ooo0o0,83»l0ionoonD,1000 14%0000,2000 9%% 000000
gbooboooooog.

Table 6.12: Si coordination number of O atom in amorphous SiO, structure.
O coord. of Si

0 1 2 3 4

ratio | 0.012 0.144 0.827 0.017 0.000

Fig.6.70 300 00000DODO200000000.000000DOO00O0O00O0O
002,30 00000000000 00b00bO0D0obO0oo0ooobooobooDoo
00000.00,40A000 S0O002000000035A00000000
00000.000,30A000 S-SO000000000000000.0000
O0000CO0000,00000000000D [3elCU0bDoonon.
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Fig. 6.7: pair correlation function of amorphous SiO,

Table. 6130 300 0000000000000 sSo,000000.O0000O
O00000O0o0OoOO00oooO3sS%o0000ooooooo,ocgo s-oo00d
gboggbboobogboboobobooboboobbodl, equatz OO0
O0000cO000o0,00000 [37100000.

Table. 6.80 300 00000COMDOOOOOOOO S-O-SOO0O0OO00OO.O
OO0 [3710 Table. 690 00.00000 145.770000.120000000000
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Table 6.13: Density of amorphous S O..
Density (kg/m?)
exp thiswork
density of &S0, | 2.21x10° 2.28x10°
density of a-gartz | 2.65x10° 2.77x10°
aSi0,/a-Q 0.835 0.824

0000000000000 0D000.1200000003000s000000
goobooogoboagd.

Ol T T T T _I T
this work ———

0.08

0.06

ratio

0.04

0.02

0 1 1 1 1 1 1
100 110 120 130 140 150 160 170 180

Si-O-Si angle [degree]
Fig. 6.8: Si-O-S bond angle distribution in amorphous SiO, obtained by my MD calcu-
lation.
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