
Title 低ダメージ半導体微細加工のためのプラズマ表面相互
作用分子動力学シミュレーション解析

Author(s) 溝谷, 浩平

Citation 大阪大学, 2015, 博士論文

Version Type VoR

URL https://doi.org/10.18910/53966

rights

Note

Osaka University Knowledge Archive : OUKAOsaka University Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

Osaka University



 

 

 

 

 

 

 

 

 

 

 
 

 

 

2015 4  

 

 

 



 

ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 
 

 

 

 

 

 

 

 

 

 

 

 



 

i 
 

 

 

  

(1) Si H+ O

 

(2) Si H+  

(3) Si O2  

3  

 

(1) Si HBr HCl

H+ Br+ Cl+ HBr+ HCl+ Si

Si

(Si

Si

H+ Si

Si

Si (0.05eV) O

(100 1500eV) H+ (5.0 1016 /cm2)

O Si 3 4nm

H+

H+ O

O



 

ii 
 

 

 

(2) 3 finFET FET

Si

finFET

fin Br+

H+

H+

0 30 60 80 H+ 104shot (dose 9.4 1016 /cm2)

Si

H+ 10nm

Ar+

Ar+ 5nm

500eV H+

50nm

 

 

(3) 

Si MD

Si O2

Si

1



 

iii 
 

O2 2

O2 Si

1eV/cluster Si

(100ps )

10000molecules/cluster Si-O

1 Si-O

 

 

nm

  



 

iv 
 

 
 

1  ································································································· 1 

1.1  ······························································································· 1 

1.2  ···························································································· 5 

 ······································································································· 7 

 

2  ································································ 9 

 2.1  ······························································· 9 

2.2  ····················································································· 10 

2.3  ·················································································· 11 

2.4  ····················································································· 13 

2.5  ························································································ 13 

2.6   ················································· 14 

2.7  ····················································································· 15 

 2.8  ········································································· 16 

 2.8.1  ···················································· 17 

 2.8.1.1  ··························································· 18 

 2.2.2.2  ··························································· 25 

 ····································································································· 29 

 

3 H+ Si  ··········· 30 

    3.1   ······························································································ 30 

    3.2  ········································ 34 

 3.3 Si  ········································································ 35 

3.4 Si  ······························································· 36 

 3.5 H+  ··················································· 38 

    3.6 H+ O  ································· 39 

 



 

v 
 

 3.7 H+  ··························· 40 

    3.8 3  ······················································································ 45 

 ····································································································· 46 

 

4  ········································· 48 

 4.1 O  ·················································································· 48 

 4.2  ································································ 61 

 4.3  ··································································· 62 

 4.4  ································································ 63 

 4.5 4  ······················································································ 65 

 ····································································································· 66 

 

5  ··································· 67 

 5.1 Ar+  ························································ 70 

 5.1.1 Ar+ Si  ·································· 70 

 5.1.2 Si  ····································· 72 

 5.2 H+  ························································· 73 

 5.2.1 H+  ··························· 73 

 5.2.2  H+  ············································ 75 

 5.2.3 H+  ······················································ 76 

 5.3  ········································ 79 

5.3.1  ·········································································· 79 

 5.4 5  ······················································································ 88 

 ····································································································· 90 

 

6  ··················· 92 

6.1  ······································································ 93 

6.2 Si O2  ······················ 95 

6.3 ····················· 105 

6.4 6  ····················································································· 109 



 

vi 
 

 ···································································································· 110 

 

7  ······························································································ 112 

 

 ············································································ 115 

 

 ··········································································································· 119 

 

 

 



 

 
 

  
1  

 
 
1.1  

 
1974 R. H. Dennard  

(Scaling Rules)  

(MOSFET : metal-oxide-semiconductor field-effect transistor) 

[1]

 (International Technology Roadmap for Semiconductors : ITRS) 

2013 DRAM (Dynamic 

Random Access Memory) 2015 24nm 2025 10nm

[2]

nm

1nm

[3-5] Hf

finFET

1nm

nm 10nm



 

 
 

[6-8]  

3

(1) (2)  (

/ ) 

(3)

[9]

eV

nm

G. S. Oehrlein

nm

H+

H+ eV Si

H+ 10nm [10, 11]

/ [12]  

 

 



 

 
 

 

 

 

 

 

 

Si FET 3

FET

 (Molecular Dynamics : MD) 

Si

Stillinger-Weber

(bond order) 

 

Fig. 1.1 Schematic illustration 

of DRAM half Pitch from ITRS 

2011 Edition, Excutive 

Summary, Fig.1 

Fig. 1.2 ITRS Roadmap for DRAM 

1/2 Pitch based on ITRS 2013 

Edition, Executive Summary, Table 

ORTC1 



 

 
 

(1) 

1

1eV/molecule

(2)

(3)

 

1950 A. Kantrowitz

1970 O. F. Hagena

I. Yamada

[13-19]

 

nm

 



 

 
 

  
1.2  
 

 

2

 

3 2 Si (Si )

Si HBr Si

H+

Si

[20]  

4 3

 

5 3 finFET

Ar+ H+

finFET fin



 

 
 

fin

(Radial Distribution Function : RDF)

 

6

Si O2

O2

 

7  

  



 

 
 

  
 

 
[1] R. H. Dennard, F. H. Gaensslen, V. L. Rideout, et al.: IEEE J. Solid-State 

Circuits 99 , 256 (1974). 

 

[2] ITRS 2013 Edition Table ORTC1 2013 ORTC Technology Trend 

Targets-2013-2020. 

 

[3] L. Esaki, Y. Miyahara: Solid-State Electron. 11 ,13 (1960). 

 

[4] H. Nakajima, S. Yanagi, K. Komiya, et al.: IEEE Trans. Electron Devices 

49 ,1775 (2002). 

 

[5] H. S. Momose, M. Ono, T. Yoshitomi, et al.: IEDM Tech. Dig. 593 (1994). 

 

[6] K. Ono, N. Nakazaki, H. Tsuda, et al.: J. Plasma Fusion Res. 990, 398  (2014). 

 

[7] T. Ohmi, M. Hirayama, A. Teramoto, SEAJ J. 1101, 32  (2006). 

 

[8] H. J. Osten, J. P. Liu, P. Gaworzewski, et al.: IEDM Tech. Dig. 653 (2000). 

 

[9]  : , 

 (1996). 

 

[10] G. S. Oehrlein:  Material Sci. and Eng. : B 44, 441 (1989). 

 

[11] M. Fukasawa: “

”, ,  (2012). 

 



 

 
 

 

[12] T. V. Rakhimova, A. T. Rakhimov, Yu A. Mankelevich et al.: J. Phys. D 447, 

025102 (2014). 

 

[13] A. Kantrowitz and J. Grey: Rev. Sci. Instrum. 222, 328 (1951). 

 

[14] E. W. Becker, K. Bier, and W. Henkes: Z. Phys. 1146, 333 (1956). 

 

[15] O. F. Hagena, W. J. Obert: J. Chem. Phys. 556, 1793 (1972). 

 

[16] F. Frank, W. Schulze, B. Tesche et al.: Surf. Sci 1156, 90 (1985). 

 

[17] I. Yamada, J. Matsuo, N. Toyoda et al.: Mater. Sci. Eng. R 334, 231 (2001). 

 

[18] N. Toyoda, J. Matsuo, I. Yamada: Nucl. Instru. And Meth. B 2216, 379 (2004). 

 

[19] Z. Insepov, I. Yamada: Nucl. Instru. And Meth. B, 999, 248 (1995). 

 

[20] T. Ito, K. Karahashi, M. Fukasawa et al.: Jpn. J. Appl. Phys. 550, 08KD02  

(2011). 

  



 

 
 

  
2  

 
 
2.1   
 

(Molecular Dynamics : MD)

 

1950 (B.J. Alder) (T.E. Wainwri- 

-ght) 1957

1991

1980 1985

[1]  

 

  

  

 

 

  

  

  

 



 

 
 

[2,3] N

T V E P ( )

 

 

22.2  
 

 

(fs )

 

t t+ t r(t+ t)  

 

2

22 )(
2

)()()(
dt
trdt

dt
trdttrttr  

 

(2.1)  

 

 ))(()(
2

)()()( 3
2

tO
m
tFttvttrttr  

 

)( ttr (2.2) t+ t

 

 

))(()()()(2)( 42 tO
m
tFtttrtrttr  

(2.1) 

(2.2) 

(2.3) 



 

 
 

 

(2.3) ri(0), ri( t)

( )

i ri(t+ t) vi(t+ t) (2.2)

 

 

3
2

)(
2

)()()( tO
dt
Fd

m
t

m
F
ttvttv i

ii

i
ii  

 

(2.1) 3 (2-4) 1

 

 

32 )(
2

)(
)()()()( tO

m
tF

ttvttxttx
i

i
iii  

 

3)(
2

)()(
)()( tO

m
tFttF

ttvttv
i

ii
ii  

 
t3

 

 

22.3  
 

2.1

(2.4) 

(2.5) 

(2.6) 



 

 
 

Fig.2.1

2  

 

 
 

 

 

( )  

 

( )  

 

 (a)x<0 x x-Lx  

 (b)x>Lx x x+Lx  

 (c)y<0 y y-Ly  

 (d)y>Ly y y+Ly  

Fig. 2.1 Periodic boundary condition 



 

 
 

 

x x y y Lx Ly

x y  

 

22.4  
 

N M

N(N-1)/2 NM

8

 

 

2.5  
 

N V E

NEV

Berendsen-Thermostat  

Berendsen-Thermostat

Boltzmann



 

 
 

 

T(t) ( K) t ( s)

T0 ( K) T  

 
2/1

)( )1(1 0
tT
T

T

t
 

 

 

 

22.6  
 

 ( )  [4]

~

1015~1017 ions/cm2

eV

 

1ps

1ps E

nm

1 /μs ms 

(2.7) 



 

 
 

2.5

 

  
2.7  
 

( )

 

 

 

 

 

 

 

Fig2.2

Fig. 2.2 Anchor substrate 



 

 
 

(1200K)

 

 

 
22.8  
 



 

 
 

Stillinger-Weber(

) [5-8] T. Takizawa

[9,10]

 (bond order)

 

Chapter2 Chapter5 [11]  
 
22.8.1  
 

Stillinger-Weber

Si/O/C/F

H [5-11]

 

4 C Stillinger-Weber

Φ

V2 V3

 

 

),,(),( 32 kjiVjiV
kjiji  

 

(2.14)



 

 
 

V2 V3  

 
2.8.1.1  
 

V2(r)  

 

))()(()()1()( '
2 ijAijRijijRijij rVrVSrVSrV  

 

rij VR(r)

VR’(r) VA(r)

Sij

i j 1

0 0 1  

O C (2.15)

VA(r)

 

 

 )()1()( ijNijSijijA rVTVTrV  

 

 

)(
)()1()()2(

)()()1(
)(

)(

ijT

ijTijijDij

ijDijijSij

ijS

ijN

rV
rVNrVN

rVNrVN
rV

rV     

)2(
)21(
)10(

)0(

ij

ij

ij

ij

N
N
N

N

       

 

VS(r) VD(r) VT(r)

VN(r) 1 3

Nij

Tij F (+1 -effect)

 

(2.15) 

(2.16)

(2.17)



 

 
 

 

cij

p
ijijR rr

CArrV exp)(  

cij

q
ijijA rr

DBrrV exp)(  

A B C D p q rc VR(r) VA(r)

C=2D p=2q rc

(a) (c) Sij Nij

Tij  

 

(a) Sij 

 

1

Stillinger-Weber

Sij  

i fij  

 

 

(min)2

2
'

1
))(()(
V
Vrrfrf ijijijijij )(

)(

( m i n )

( m i

ij

ij

rr
rr

 

 r’ij(rij)=rc- (rc-rij)  

 

V2 i j V2(min) r(min)

V2 ( ) V2(min)

=0.1  

i j fij i j fik

nij i-j

(2.18)

(2.19)

(2.20)

(2.21)



 

 
 

i-k  

 

 
k

ijikij ffhn ),(  

h(x,y)  

 

 

1

))(cos1(
2
1
0

),( yxyxh      
)(

)(
)(

xy
yxy

yx
 

 

i j  

 

 nNnnij max)(  

 

0

)()(
2
1

)(
2
1

3
1

4321
2

133221

3
32140

anaaanaaaaaa

naaana

   

 

Nmax i C Si(Nmax=4) a0=0.023266335 a1=4.4 a2=-2.62343

a3=-2.6127 a4=4.0 i i-j i-j

i-k i-j

 

 

 

k
ijikik

ijijij
ijijij ffgf

ffgf
nnn

),(
),(

)(
'

 

 

g(x,y)  

 

 

(2.22)

(2.23)

(2.24)

(2.25)

)(

)0(

1

1

na

an



 

 
 

 

0

))(cos1(
2
1
0

),( yxyxg
)(

)(
)(

xy
yxy

yx
 

 

Sij  

 

 
bb

ji

b

ijij nnS
1

''
1  

 

b=20 1 '
ijn

'
jin i

i j Sij 1

Sij 0 i-j

i j Sij

 

 

(b) Nij 

C O C-C C-O O-O

Nij i-j i

 

 

 
n

jk
ikij fy

)(
 

 

yij i j C O

 

 
n

OCik
kjDkjjk

n

OCjk
kiDkiikDij ynfynfy

,)(,)(
)()(  

(2.26)

(2.27)

(2.28)

(2.29)



 

 
 

 

nDij  

 

)1(0

)()10()cos1(
2
1

)0(1

)(

)3(0

)32())2(cos1(
2
1

)2(1

)(

ij

ij

ij

ij

ij

ij

ijDij

y

Oforyx

y

Cfor

y

yx

y

yn

i i-j nDij

1 0  

Nij yij yji nDij (i / )

Nij

Table2.1 Nij

0 1 2

g(x)  

 

 )1()(cos1
2
1)( axaaxxg

N(a1 a2 a3) N(x1 x2 x3)

 

(2.30)

(2.31)



 

 
 

Table 3.1 Nij parameter 

 

bond yij yji yDij Nij bond yij yji yDij Nij 

C-C 3 - - 0 C-O 3 - - 0 

3 - 0 1 - 0 

2 2 0 1 2 0 0 1 

1 1/2 1 1/2 

2 1/3 2 1/3 

3 1/3 1 0 - 1 

4 1/3 0 0 - 2 

1 0 1 O-O 1 - - 0 

1 1/2  1 - 0 

2 1/3  0 0 - 1 

3 1/3 

0 0 1 

1 1/2 

2 1/3 

1 1 0 2 

1 1 

2 1 

0 - 1 

0 0 - 1 

 
 



 

 
 

)1,,()())(1))((1(
),1,())(1)(())(1(
),,1())(1))((1)((

),,())(1))((1))((1(),,(

321321

321321

321321

321321321

aaaNxgxgxg
aaaNxgxgxg
aaaNxgxgxg
aaaNxgxgxgxxxN

1 I(N)  

 

 )11()1(
2

sin)1(1)( NNNNINij

Nij

 

 

(c)+1π Tij 

F C

+1 Table3.2 +1

C2F4 C=C

C=C C≡C C=O

Tij

 

 

 
a

Fk Fk

a
jk

a
ikij ffT

1

)()(

C-C 0.9 C-O 0.5 Tij=0

Tij Nij>0  

 

(2.33)

(2.34)

(2.32)



 

 
 

 

Table 3.2 +1 -effect 

bond 
bond energy(eV) bond length( )

+1 effect on +1 effect off +1 effect on 

 

C=C 

 

6.34 

3.10(C2F4) 1.33 

2.44(C2F3(s=2)) 1.44 

3.40(C=CF2(S-3)) 1.41 

C≡C 8.56 4.82(C2F2) 1.19 

C=O 8.20 6.80(CF2O) 1.18 

 

 

2.8.1.2  
 

V3jik  

 

ikijjikjikjik

jikikijjikjik

ggk

rrhV
jikcos

),,(3
 

 

θjik rij rik kjik Θjik γjik

gij fij Sij  

 

ikijij Sfg  

 

gij i

hjik i

 

(2.35) 

(2.36)



 

 
 

 

)3(),,(

)32(),,()2(
),,()3(

)21(),,()1(
),,()2(

)1(),,(

),,(

3

3

2

2

1

1

ijikikijsp

ijikikijspi

jikikijspi

ijikikijspi

jikikijspi

ijikikijsp

jikikijjik

Mrrh

MrrhM
rrhM

MrrhM
rrhM

Mrrh

rrh  

Mi Mi 1~3

Mi  

z

zz

zz

z

zM

43

432))3(cos1(
2
1

321))2(cos1(
2
1

21

)(  

 

i zi fij  

 

 
k

iki fz  

 

Stillinger-Weber Fig.2.5

 (a) (b) Stillinger-Weber

 

 

 

 

(2.37) 

(2.38) 

(2.39)



 

 
 

 

 

 

 

 

2 3

3 O

O-O-O

O-O-Si 3 O 2.7

3

2 O

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)Potential in our study (b) Stillinger-Weber potential 

Fig.2.3 Difference between our potential and S-W potential 



 

 
 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

Fig.2.6 Modification of 3-body potential. In these figure, the orange curve 

represents 3-body potential before modification. The blue curve represents 

3-body potential after modification 

(a) O-O-O potential 

(b)O-O-Si potential 



 

 
 

  
 

 
[1] B. J. Alder and T. E. Wainwright : J. Chem. Phys.  31, 459 (1959). 

 

[2] Katherine C. Thompson, Adrian R. Rennie, Martin D. King et al.: 

Measurement of Surface Excess and Surface Pressure in Real Time (2010) 

[3] A. Yamane, Fuyuki Shimojo, Kozo Hoshino et al. : THEOCHEM 9944, 137 

(2010). 

[4] Donald Hamelberg, John Mongan, and J. Andrew McCammon et al.: J. Chem. 

Phys. 1120, 11919 (2004). 

 

[5] F. H. Stillinger and T. A. Weber: Phys. Rev. B, 331, 5262 (1985) 

 

[6] F. H. Stillinger and T. A. Weber: J. Chem. Phys. 888, 5123 (1988). 

 

[7] F. H. Stillinger and T. A. Weber: Phys. Rev. Lett. 662, 2144 (1989). 

 

[8] T. A. Weber and F. H. Stillinger: J. Chem. Phys. 992, 6239 (1990). 

 

[9] H. Ohta and S. Hamaguchi: J. Chem. Phys. 1115, 6679 (2001). 

 

[10] H. Ohta and S. Hamaguchi: J. Vac. Sci. Technol. A 119, 2373 (2001). 

 

[11] H. Ohta: “Molecular dynamics simulation of the plasma – surface interaction 

during plasma etching processes”  

(2004). 



 

 
 

 
3  

Si
 

 
3.1  
 

MOSFET 1nm

SiO2 poly-Si

[1,2] HBr/O2

Cl2

SiO2

poly-Si

O2

Si

HF

 (Si )

[3-11] Si

[3,4] Fig.3.1 HBr/O2

Fig.3.2 Si  

 

 



 

 
 

 

 

 

 

 

 

Fig.3.1 The gate etching process with HBr/O2 plasmas. During the dry etching 

process, an additional oxide layer is formed under the gate oxide. In a wet 

process, the oxide layer is removed excessively and hollow voids are formed 

around the gate. 
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Fig.3.2 TEM image of Si substrate around metal gate . 

The ideal Si surface is described by red line. 
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Fig.3.3 Model of Si recess formation by HBr/O2 plasma. 

Si crystal is damaged by energetic H+ ions and 



 

 
 

33.2   
 

Si(100)

Si 3.3 x 3.3 x 

5.4 nm 2

2

Si 6.98  

300K

NTV

 

 

 

 

Fig.3.4 Si Fig.3.5 Si

Fig.3.4 Si initial substrate Fig.3.5 The atomic density profiles 

of the initial Si substrate 



 

 
 

 

Si 1ps H+ O

1 0~700fs (

)

700~1000fs 2 berentsen

(300K)

H+

5 O 2 xy

z

2.6

2.7

Si

[13,14]  

 
33.3 Si  
 

Si Si

Si (0.05eV) O (1.9 1015 /cm2)

Si

Fig.3.6 Fig.3.7

Si O Fig.3.6

Si 0.8 0.9nm

 
 



 

 
 

 

 

 

  

 
3.4 Si  
 

Si 500eV

dose 3.8 1016 /cm2 Si

0.05eV O dose 2.0 1017 /cm2

Fig.3.8 O

Fig.3.9

Fig.3.9 O Si

Si O
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Fig.3.9 The atomic density profiles of the pre-damaged Si substrate and the 

substrate after O radicals injection. 

Fig.3.8  O radical injection to pre-damaged Si substrate  



 

 
 

 
33.5 H+  
 

3.3 Fig.3.6

Si 500eV H+ dose 2.8 1016 /cm2

Fig.3.10 Fig.3.10

H+ O Si

 

 

 
 

 
 
3.6 H+ O  
 

H+ Si 3.3

Si (0.05eV) O (500eV)

H+ (5.0 1016 /cm2) Fig.3.11 dose

Fig.3.10  Si substrate after 500eV H+ ions injection 



 

 
 

2.5 5.0( 1016 /cm2)  

  

 

 

Fig.3.11 H+ O

O

Fig.3.12 dose 2.5 5.0 ( 1016 /cm2)

Si O

Fig.3.12 1nm

H+ O 4 5nm

3.5 H+ O

Si O

Si SiO2  

Si Si  

 

 

 

 

Fig.3.11 Change of Si/SiO2 substrate surface 
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the red curve represents the composition profile of oxygen atoms, and the 

green curve represents the composition of silicon atoms 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) H100eV 

Fig.3.13  Compositional change of the Si/SiO2 substrate by simultaneous 

injection of 100 ~ 500eV H ions and 0.05eV O radical. From left figure 1.0 1016

2.5 1016 5.0 1016 /cm2. The red curve represents the composition profile of 

O atoms. The green curve represents the composition profile of Si atoms. The 

blue curve represents the composition profile of H atoms 
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(a)H100eV O0.05eV 

Fig.4.2   The displacement of O atoms as functions of ion dose (linear plot). 

The blue, green, purple curve represents <Lz2>, <Lz>2, <Lz2> <Lz>2 as functions 

of ion dose 
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Fig.4.3  Average displacement of O atoms as a function of the H+ ion dose (in a 

double logarithmic plot) after simultaneous 700eV H+ ion and 0.05eV O radical 

injection. The blue, green, purple curves represent <Lz2>,  <Lz>2, and  <Lz2>

<Lz>2 as functions of the H+ ion dose. 
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Fig.4.5 The effective diffusion coefficient as a function of the 

incident energy of H+ ions. The solid curve is a guide to the eye. 
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Fig.4.6 Comparison of the ion-beam experimental result and 

        the simulation result. 
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Fig.4.7 Average displacement of O atoms as a function of the number of  

ion shot after 500eV H+ ion and 0.05eV O radical injection. Here, 1shot equals  

9.4x1012/cm2. In case that O atoms move through Si lattice channel by collision 

with H+ ions, O atoms travel long distances 
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Fig.5.1 Schematic illustration of multi-gate fin-FET device. 
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Fig.5.3 Si substrate structures after 500eV Ar+ ion injections  

The Ar+ ion dose is 7.3 x 10 15/cm2 in each case. The angles of incidence are 

(a)0 , (b)30 , (c)60 , and (d) 80 .Gray spheres represent Si atoms and 

small red spheres represent Ar atoms deposited in the Si substrate. 
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Fig.5.4 Si etching yields by Ar+ ions of given incident energies  

as functions of angle of incidence, obtained from MD simulations. 

The curves are guides to the eye 
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Fig.5.5 Si substrate structures after 300eV H+ ion injections. Gray spheres 

represent Si atoms and large red spheres represent H atoms implanted in 

the Si substrate. Here H atoms are depicteddisproportionally large so that 

they become more conspicuous. Note that majority of implanted H atoms are 

found in a much deeper region. The ion dose is 9.4 x 1016/cm2 in each case. 

The angles of incidence are (a) 0 i.e., normalincidence, (b) 30 ,(c)60 ,and 

(d) 80 . 
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Fig.5.6 Si substrate structures after H+ ion injections at an incident angle 

of 80 . Gray spheres represent Si atoms and large red spheres represent H 

atoms implanted in the Si substrate. The ion dose is 9.4 × 1016/cm2 in each 

case. The incident energies are (a) 500eV, (b) 300eV, and (c) 100eV. 
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Fig.5.7 The reflection rates of H+ ion incident on Si substrates as functions 

of the incident angle at three different incident energies: 100, 300, and 500 eV, 

obtained from MD simulation.. The curves are guides to the eye 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.8 (a)  The density profiles of H atoms implanted in Si substrates after 

 the substrates are subject to 500 eV H+ ion incidence at incident angles of 0° 

 (normal incidence, indicated in blue), 30°(red), 60°(green), and  80°(purple).  

The ion dose is 2.8 × 1016 /cm2 in each case. The density is the average over 

 a layer of 2nm at each depth. 
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Fig.5.8 (b) The density profiles of H atoms implanted in Si substrates after the 

 substrates are subject to 100eV H+ ion incidence at incident angles of 0° (normal  

incidence, indicated in blue), 30°(red), 60°(green), and  80°(purple). The ion dose is 

 2.8 × 1016 /cm2 in each case. The density is the average over a layer of 2nm at each 

 depth. 
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Fig.5.9 Schematic illustration of two dimentional Radial Distribution 

Function (RDF). To compare depth dependence, we calculated RDF of 1~5 

region of Si substrate. 
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Fig.5.10(a) Two dimentional Radial Distribution Function (RDF) of Si – Si  

bond from the surface. Incident energy of H+ ion is 500eV and incident angle 

is 80 . The ion dose is 2.8 x 1016/cm2. As Si substrate is amorphized by H+ ion 

irradiation, first and second peak height decrease. 

Fig.5.10(b) Two dimentional Radial Distribution Function (RDF) of Si – Si 

bond . Incident energy of H+ ion is 500eV and incident angle is 60 .  



 

 
 

  

 

 

 

 

 

 

 

 

 

 

Fig.5.10(c) Two dimentional Radial Distribution Function (RDF) of Si – Si  

bond . Incident energy of H+ ion  is 500eV and incident angle is 0 .   

Fig.5.10(d) Two dimentional Radial Distribution Function (RDF) of Si – Si  

bond . Incident energy of H+ ion  is 300eV and incident angle is 80 .   



 

 
 

  

 

 

 

 

 

 

 

 

Fig.5.10(e) Two dimentional Radial Distribution Function (RDF) of Si – Si  

bond . Incident energy of H+ ion  is 300eV and incident angle is 60 .   

Fig.5.10(f) Two dimentional Radial Distribution Function (RDF) of Si – Si 

 bond . Incident energy of H+ ion  is 300eV and incident angle is 0 .   



 

 
 

  

 

 

 

 

 

 

 

 

Fig.5.10(g) Two dimentional Radial Distribution Function (RDF) of Si – Si 

 bond . Incident energy of H+ ion  is 100eV and incident angle is 80 .   

Fig.5.10(h) Two dimentional Radial Distribution Function (RDF) of Si – Si  

bond . Incident energy of H+ ion  is 100eV and incident angle is 60 .   
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Fig.5.10(i) Two dimentional Radial Distribution Function (RDF) of Si – Si  

bond . Incident energy of H+ ion  is 100eV and incident angle is 0 .   



 

 
 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig.5.11 (a) RDF first peak ratio as a function of ion incident angle about 

0~10nm depth from the Si substrate surface. Here, RDF first peak ratio is  

first peak height of initial Si substrate over first peak height of substrate  

after H+ ion irradiation. 



 

 
 

  

 

 

 

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 

Fig.5.11 (b) RDF first peak ratio as a function of ion incident angle about 

10~20nm depth from the Si substrate surface. Here, RDF first peak ratio is  

first peak height of initial Si substrate over first peak height of substrate  

after H+ ion irradiation. 
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Fig.6.1 O2 gas cluster (13K) used for MD simulation. Blue spheres represent 
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interaction force and they behave as a large molecule. 
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1 1eV

Fig.6.2 Schematic illustration of the forming process of gas clusters. 

Experimentally gas clusters are known to be formed by adiabatic expansion. 
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Fig.6.3 O2 gas clusters (50K) used for MD simulation. To estimate cluster  

size effect for Si oxidization process, we formed several sizes clusters. 



 

 
 

 

 

 

 

 

 

 

  

Fig.6.4(a) A surface modification process by O2 gas clusters irradiation. 

The cluster size is 15440 molecules and the cluster energy is 0.02 eV/mole- 

cules. The blue sphere represents the O atom and the gray sphere represents 

Si atoms. The cluster stick to the Si substrate and it is conceivable that the 

cluster remains on the substrate surface until it sublimed by heat transport  

from the substrate. 



 

 
 

  

 

 

 

 

 

 

 

 

 

 

 

Fig.6.4(b)  A surface modification process by O2 gas clusters irradiation. 

The cluster size is 15440 molecules and the cluster energy is 0.2 eV/molecules. 



 

 
 

  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig.6.4(c)  A surface modification process by O2 gas clusters irradiation. 

The cluster size is 15440 molecules and the cluster energy is 0.6 eV/molecules. 

When incident energy is relatively high, gas cluster is broken apart at impact. 
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Fig.6.4(d)  A surface modification process by O2 gas clusters irradiation. 

The cluster size is 15440 molecules and the cluster energy is 1.0 eV/molecules.  
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Fig.6.5(a)  Number of Si-O bonds per cluster as function of kinetic energy of 

            each oxygen molecules. The number of Si-O bonds was counted 

 100ps after cluster impact. The number of Si-O bonds per cluster 

 is higher when the kinetic energy is relatively low and clusters do 

 not broken apart at impact. 



 

 
 

  

  
 

 

 
 
 

Fig.6.5(b)  Number of Si-O bonds per incident O molecule as function of 

 kinetic energy of each oxygen molecules . To see the efficiency of 

 surface oxidization, the same data as Fig.6.5(a), re-plotted. 

 In case that a cluster is large, many O2 molecules have little 

 chance to reach the surface. 

Fig.6.6  O atoms that are covalently bonded with Si atoms 
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Fig.6.7(a)  Energy distribution of O atoms before Si oxidation process by 

O2 gas cluster beam. Incident energy is 0.06eV/molecule. Cluster size is 

15440 molecules. Translational energy of O2 cluster is subtracted by energy 

of O atoms. The red line is fitting line by least square method. The 

temperature of O2 gas cluster is about 13K. 



 

 
 

  
 
 
 
 
 

 

 
 
 
 
 

Fig.6.7(b)  Energy distribution of O atoms during Si oxidation process by 

O2 gas cluster beam. Incident energy is 0.06eV/molecule. Cluster size is 

15440 molecules. Translational energy of O2 cluster is subtracted by energy 

of O atoms. Red and black line are fitting line by least square method. The 

temperature of O2 gas cluster is about 250K (the low temperature part) and 

910K (the high temperature part). 

 



 

 
 

  
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.6.7(c)  Energy distribution of O atoms during Si oxidation process by 

O2 gas cluster beam. Incident energy is 0.06eV/molecule. Cluster size is 

15440 molecules. Translational energy of O2 cluster is subtracted by energy 

of O atoms. The red line is fitting line by least square method. The 

temperature of O2 gas cluster is about 630K. 
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