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4 | | | "\ [ Continuum mechanics A
Multiscale viewpoint (A) The typical crack length
g 14 ( Griffith theory (1920) )
Nanoscale 9 Efy
(simulation) C= ——% ~ 1 mm (1)
m O
~ 10 nm .
in silicon
- /v ( E=10°GPa, y=1J/m?, 0 =10MPa)
\\ /// X106 Z0oom (B) Theory of linear elasticity
IR / R — a divergent stress tensor at the crack tip
" ,’/ Macroscale
nn (experiment) o x — (r<c) 2)
<—C> ~ 1 cm \/;
Y with r = \/W
\- /L Y

T. Hoshi, Y. Iguchi, and T. Fujiwara, PRB72, 075323 (2005)
T. Hoshi, JPCM19, 365243, 7pp, (2007)
T. Hoshi, M. Tanikawa, A. Ishii, Physica E 42, 2784 (2010)




Pioneering work (1) : Griffith theory for crack propagation ]

A. Griffith, Philos. Trans. R. Soc. London Ser. A 221, (1920).

~ Energy of a crack with the crack length of 2¢

2 2
T-1 1 U= —=——L. +4cL. (1)
E:Yong modulus (in 2D)
Y : surface energy

(1st term):energy gain of stress relaxzation

(2st term):energy loss of surface creation
5 ¢ Condition for crack propagation

dU o2

0= — =——"-2cL, + 4vL, 2

p 7 2¢Lz +4y (2)

l ’ i i — Critical crack length for propagation
)

2vE

c=cq=212 (3)



Pioneering work (2) : Mott theory for fracture propagation velocity

)

N. F. Mott, Engeering 165, 16 (1948).

Introducing the kinetic energy term as
2

_ P, 220
K = Qkfu ¢l (4)
v : fracture propagation velocity
P :density

k : small numerical factor

Condition for crack propagation

%(UJrK):O (5)

— Fracture propagation velocity
B 2w | B Cga L 6
V= \/;\E (1-%) ©
2 (B
— \/;J; (¢ > ca) (7)



[ Atomistic viewpoints of fracture

Cleavage
as non-equillibrium dynamics
Two comparable timescales :
Tprop ( propagation )
Trecon ( reconstruction )

— Local reconstruction mechanism

ex. S1(111)-(2x1) structure
= nearest neighbor coupling
in the propagation direction
= quantum mechanical feature

-

%Mg (B)

[V ERWIRW
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Silicon cleavage simulation with (111)-2x1 reconstruction

T. Hoshi, Y. Iguchi, T. Fujiwara,
PRB72, 075323 (2005)

K

Example — 14 nm —

Technical details
104-107 atoms
Dynamics in ~10 ps
External load for cleavage

-

N

Quantitative agrreement
with experiments
K¢ : critical stress intensity factor

Vb crack propagation velocity

Cal. Exp.

Ko [MPaym]| 0.7 ] 0.65-1.24%

Vp lkm/sec] | 2 | 2.3+ (0.3%%

* Spence, et al., Acta Metall.
Mater. 41, 2815 (1993).
** Hauch, et al., PRL82, 3823 (1999)




[ Application : Si(111)-(2x1) cleavage simulation j

Hoshi, Iguchi, Fujiwara, PRB72, 075323 (2005) gadace LT bonding) state

— 77 -bonded (Pandey) structure with tilting

Steps are formed in large (10-nm-scale) samples

Example of STM experiment
€ 15 nm >

i

Mera, et al., Ultramicroscopy, (1992)




Silicon cleavage simulation with electronic structure

Which plane ( index ) appears ? - ~
Plane with small surface energy ?
Plane with small number of dangling bonds ? SOUUN

—— Missing viewpoints

(a) reconstruction with energy gain
(b) non-equillibrium dynamics

Sample with cleavage
— J

N\ Cleavege planes in macro samples

,
- : b
S1: surf?ce fnir:gl\?? [gf/ntln}) (111) plane in metastable (2x1) str.
~ order .
R AR (110) plane (less favorable)
(111) 144 | 1.82 — (001) plane is impossible ?

(2x1) ideal

(110) | 1.70 2.04

buckled ideal

001) | 141 | 2.39

c(4x2) ideal
ab initio calc. [Stekolnikov, PRB, 2002] )

.




[ Bending of cleavage path into favorite planes

(as a size effect on 10-nm-scale or larger )

Artificial cleavage 'seed' : (001) plane
— Experimentally observed planes
: (111) or (110) plane [less favarable]

(d) cleavage path

[001]

[110]
(110) T I&, -

(111)/ (ny
(001)

—_— \
(111)\ (111)

(110) l




Bending of cleavage path
into favorite planes /

Artificial cleavage 'seed' : (001) plane

— Experimentally observed planes
: (111) or (110) plane [less favarable]

(SEM experiment (for MEMS device
Tenstle 3

< | 00>

N e

wafer plane

T. Ando, X. L1, S. Nakao, T. Kasai, M. Shikida and
K. Sato, IEEJ Trans. SM, 125, 310 (2005)

\.




[ Two paths of step formation in S1(111) cleavage mode }

The upper and lower paths — Both types are obtained 1n our simulation.

"

111]

1 ®[011]
—[211] /

W P X m—D X




[ Si(111)-(2x1) surface : LDOS and bias-dependent STM | _

Side view

STM 1mage of flat (unstepped) surface area

— The spot positions are different
for different signs of voltage bias, as expected.

- ~ E(bulk)
Stroscio, Feenstra and Fein, PO VTR
PRL 57, 2579 (1986)
0'7% D (step, lower)
% Y T ¥
/ (\7\\ % C (step, upper)
Oy~ N Al il
/ —
0.,'2
B (flat, lower)
AN
/ 0 ]} Q/ A (flat, upper)
L -0.7V + 0.7V D 15 -10 -5 0
Energy [eV]



Stepped S1(111)-2x1 surface
formed in clevage dynamics

— Stability
Bias-dependent STM image

—> A hierarchical research
(a) Prediction by the large-scale
(10nm-scale) calculation
(b) (¢) Confirmation by

the DFT-PW calculation
with a small system

asany
ek nnh g

Xl
fraes

P
N
e




Conclusion

Si cleavage simulation
with electronic struture calculations

-Preference of (111) and (110) cleavage surface is shown
(@) dynamical theory
(b) bending of cleavage planes

- Appearance of (111)-2x1 (Pandey) surface
prediction of steps with bias-dependent STM image
— consistent to experimental STM images





