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Summary

For a new insight on deformation and fracture mechanism of silicon, various shaped
Si are deformed in the molecular dynamics simulations, and the onset condition of
inelastic deformation is discussed based on the “local lattice stability””. First, the
elastic limit of Si under the [001] uniaxial tension is calculated by statics analysis or
the convensional lattice stability analysis for Tersoff potential. The instability point
emerges before the stress-strain peak for both the transverse conditions of £€=0 and
0=0. Then bulk and nano wire of silicon are subjected to the [001] unixial tention
by molecular dynamics simulation. Loop-like defects nucleate in the bulk silicon and
lead the stress drop (inelastic deformation). We have evaluated the atomic stability
from the positiveness of the atomic elastic stiffness and revealed that unstable atoms
emerges just before the stress drop. In the simulation of Si nano-wire, dislocations
generated from two edges of four surfaces. It is noteworthy that the unstable atoms
are found on the other two edges faster and more than the deformed edges. Detail
observation reveals that the edges have atomic line just on the edge while the deformed
ones have rounded shape. Next, three-point-bending simulations are performed on an
infinite plate and nano bar. Both the plate and bar show sudden cracking by brittle
deformation from the tensile surface under the center punch. However, if we use a
small simulation cell for infinite plate the unstable behavior is stopped only with the
disorder of the tensile surface. When B} for all the atoms is examined, a lot of atoms
are judged as unstable” around the simple support of 3-point bending, although the
unstable fracture starts beneath the center punch. Thus we evaluated the 3x3 minor
determinant in the 6x6 Bj; matrix, corresponding to the principal stress direction.
We can find unstable atoms at final breaking point with this ciriteria. Finaly, the
bending simulation of nano cantilevers are implemented. The cantilever is made from
single crystal Si or multi grain bamboo structure. For the single crystal cantilever, the
crystal orientation is rotated to [100], [110] and [111] for the cantilever axis. However,
all the cantilever does not show inelastic deformation and there is little difference in
the force-displacement responses. We have checked the positiveness of 3x3 matrix of

B

i, however, needless to say there is no domain of unstable atoms since we couldn’t

observe the inelastic deformation. Here, it is also pointed out that we should use

[0}

the eigenvalue analysis for By}, if the crystallographic orientation is changed from the

principal stress axis.
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¢ =3 fe(r™)g(0°" )exp [A] (1 — 7o) (2.12)
V(Fa,B)
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Fig.2.1 Three molecules a, 3,7 and bending angle §*°7
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Table 2.1 Parameters

23 Tersof OO OOOO0O 8

for silicon.

0 Si —Si(T2) | Si- Si(T3)
AleV] | 3.2647x10° | 1.8308x10°
B [eV] | 9.5373x10" | 4.7118x10?
MAT] ] 3.2304 2.4799
MN[AT) ] 1.3258 1.7322
A[AT) ] 1.3258 1.7322

B |3.3675x10~1 | 1.1000x10°

n | 2.2956x10" | 7.8734x107"

c 4.8381 1.0039x10°

d 2.0417 1.6217x10!

h 0.0 —5.9825%10"
RIA] 3.0 2.85
D [A] 0.2 0.15
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Fig.2.4 Unit cell of fcc lattice.

00000000000000000000000 *"Woooo0oo0oo00oooooo
00000000000000000YWO0000000000000000000
gbobbbooodgbbbuoooobbbuoodobbboooobbboooobbb
gobbooggbobobuoooobbbuoooobbooooboboooobon
0000000000000000000000000VeigtOOO “OOooooo

ooooodd Byuyooooooooooooooooo

Bijri = Cijla + (0adji + 010 + 061

+ 010y — 030k — Oki0ij) /2 (2.31)
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Fig.2.5 Schematic view of local strain perturbation for evaluation of local
elastic stiffness.
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Fig.3.3 Relationship between tensile strain and crystal stability under [001]
tension (¢=0).
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Fig.3.4 Relationship between tensile strain and crystal stability under [001]
tension (0=0).
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Fig.3.6 Stress-strain curve under tension (bulk model, (i)).
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Fig.3.7 Snapshots of atoms and energy distribution before and after the stress
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Fig.3.8 Snapshots of atoms and energy distribution before and after the stress
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Fig.3.10 Snapshots of atoms and energy distribution before and after the stress
drop (top view, wire model).
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Fig.3.12 The distribution of the instability atoms under tension (bulk model, (i)).
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Fig.3.13 The distribution of the instability atoms under tension (wire model, (ii)).
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Fig.3.14 Detail of atomic configuration at edge @D in Fig.3.13 (d).
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Fig.3.15 Detail of atomic configuration at edge @) in Fig.3.13 (d).
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Fig.4.1 Schematic model for bending simulation of infinite thin plate.

Table 4.1 Simulation model size.

[[nm] | A [nm] | w [nm] | el [nm] | 62 [nm] | a3 [nm)]
Model I | 65.16 | 10.86 | 3.258 32.58 5.43 5.43
Model IT | 32.58 | 5.43 1.629 16.29 2.715 2.715
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Fig.4.2 Model for bending simulation of nano wire.
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Fig.4.3 Force-displacement curve (Model I, 10[K]).
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Fig.4.4 Snapshots of atoms and energy distribution (Model I, 10[K]).
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Fig.4.6 Snapshots of atoms and energy distribution(Model II).
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Fig.4.7 Force-displacement curve under bending(300[K]).
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Fig.4.8 Force-displacement curve under bending(600[K]).
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Fig.4.9 Snapshots of atoms and energy distribution (300[K]).
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Fig.4.10 Snapshots of atoms and energy distribution(600[K]).
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Fig.4.12 Snapshots atoms and energy distribution of bending(nano wire).
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(a) d=10.0 [nm] (e) d=33.0 [nm]

(b) d=20.0 [nm] (f) d=37.1[nm]

(¢) d=25.0[nm] (g) d=37.2[nm]

(d) d=30.0 [nm] © detBy >0 (h) d=39.0 [nm]
® detBi<0

Fig.4.13 The distribution of the instability atoms in the infinite thin plate
under bending (Model I, T=10[K]).
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(a) d=15.0 [nm] () d=20.1[nm]

(b) d=10.0 [nm] (f) d=20.2 [nm]

(c) d=15.0 [nm] () d="20.6 [nm]

@ detBi>0

® detB;<0

(d) d=16.4 [nm]

Fig.4.14 The distribution of the instability atoms in the infinite thin plate
under bending (Model II, T=10[K]).
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(a) d=10.0 [nm] (e) d=26.0 [nm]

(b) d=15.0 [nm] (f) d=27.0 [nm]

(¢) d=20.0[nm] (g) d=28.0[nm]

(d) d=25.0 [nm] © detBi>0 (h) d=28.5[nm]

® detBi;<0

Fig.4.15 The distribution of the instability atoms in the infinite thin plate
under bending (Model I, T=300[K]).
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(a) d=10.0 [nm] (e) d=22.0[nm]

(b) d=15.0 [nm] () d=23.0 [nm]

(c) d=20.0 [nm] (g) d=24.0 [nm]

(d) d=21.0 [am] © detBi>0 () ¢=25.0 [nm]
® detBi <0

Fig.4.16 The distribution of the instability atoms in the infinite thin plate
under bending (Model I, T=600[K]).
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@® detBi <0

Fig.4.17 The distribution of the instability atoms in the bending transforma-
tion (nano wire).
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(a) d=10.0 [nm] (e) d=233.0[nm]

(b) d=20.0 [nm] ) d 37.1 [nm]

(c) d=25.0[nm] (g) d=37.2[nm]

_ ,'q> A
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® detBj<0

Fig.4.18 The distribution of the instability atoms in the bending transforma-
tion (Model I, T=10[K]).



L] 50

Jubogdooguod
Jubootdbootgtdbooggbotdbood

gbobbuoooobbbuooobbboooobbbuoobbboooobobo
000000000 ®0000000000000000000000000000
OO0 bambooODODOOOOOOOOODODODOODODODOOOODODOODODODO

gobbboooobbbooodobbbooodn

5.1 OUOODOOODOOOO

00000000051000000000000000 32.58nm]000 5.43x5.43
mm?] 0000000 16.29[nm]x21.72[nm|x21.72m] 0 0000000000000
0000000000 SI000000000 (00000000 #,y,200000
0 ([100], [010], [001])D ([110], [110], [001])D ([111], [110], [112))0 300)0@0O 000
D00000000000000 543nm|0000000 [100)0[110)000000
0000000000 (000@O[1000000)0400000000000 10[K]O
0000000000000000000000000000000000 80000]fs
00000000000000000000000000000000000000
0000000000000000 15mm]000(05.1®)00000000000
0 (yO0OO0O)OOO1.0x10%mm0000000000000000000000
00000000000000000000000000005.10000

23



5.1 UOnbobuoooooo

16.29 [nm]_ 32.58 [nm]

[><

>

> 5.42[nm]

AN

15.42[nm]

" 5.42[nm]

5.42[nm]

Fig.5.1 Simulation model of nano cantilever.

Table 5.1 Simulation condition.

No. of atoms No. of
silicon under all atoms
displacement control
[100] 13 434460
[110] 12 414425
[111] 14 396843
bamboo 12 387880




5.2 U0ODODOOOOObbODOO 55

5.2 U0OUOOOOOOOOOON

5.2.1 UOUOOUOOOOOODOO

0000000000000000y000000000000000000000
00000000@00000 [100)0[110)0[111]000000000@0000000
0000000000000000000000000000000000 5.2(a)~(d)
00000000000 000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
0000000000 (1000000000 530(110)00 5.40[111)00 5500000
000000056000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
0000000000000 (000000)000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000d=200m]0000000000000000
000000000000000520000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
0000000000000000000000000000000 0%,=18.4/GPa]
000000000000000000000000000000000000000



5.2 U0ODOOOUOOOOObODOO 56

O0o0oobbobo0bbod0ebo0booooo420~@0 000000000 O0D

000000000000 1/20000000000D0D0CO000O00OODOOOO

O00000000d=200nm]000000000O0O0O0O0OOOOODOOOOO

Table 5.2 Number of atoms

Maximum tensile | Maxmum compression
stress [GPa] stress [GPa)
[100] 11.42 -13.60
[110] 13.81 -16.29
[111] 13.71 -17.18
bamboo 17.02 -15.37
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Fig.5.2 Force-displacement curves.
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4.6 E -3.8[eV]

(c) d=10.0 [nm]

Fig.5.3 Snapshots of atoms and energy distribution ((Dsingle[100]).
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Fig.5.4 Snapshots of atoms and energy distribution ((Dsingle[110]).
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Fig.5.5 Snapshots of atoms and energy distribution ((Dsingle[111]).
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Fig.5.6 Snapshots of atoms and energy distribution (@bamboo).
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(a) single [100] (b) single [110]

(c) single [111] © detBi>0 (d) bamboo
® detBj <0

Fig.5.7 The distribution of the instability atoms (top view, d=20.0[nm]).
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(a) single [100] (b) single [110]

detBi>0
(c) single [111] © B (d) bamboo

® detBi <0

Fig.5.8 The distribution of the instability atoms (bottom view, d=20.0[nm]).
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