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Fig. 2.8 The geometory of finite-core treatment. The contributions from the two displaced arcs

shown as solid lines are evaluated using Egs. 2.11
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Fig. 2.10 (a) The geometory of a share dislocation loop. (b) c[I (d)(e) The line tension of a share

loop. Comparison between the exact analytical solution [6, 7] and approximate solution by Force

Methods (b) (d) or Differential Stress Methods (c) (e) for various division number. The radius of
the loop is 100[nm] for (b)(c), 10[um] for (d) (e).
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Fig. 2.14 Propagation of a misfit dislocation in a strained layer with a free surface on (1, 1, 1) glide

plane with Burgers vector %[1, 1,0].
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Fig. 2.17 Computational figures of the growth of loop on the (1,1,1) with Burgers vector
%[1, 1,0] under applied stress at subsequent equidistant time moments.(a)11.0[GPa] (b)0.1[GPa]
(c) 0.05[GPa] resolved share stress is applied. (d) is under stress changing linearly from z axis top

5[GPa] to bottom —5[GPa]. Dot line show 0[GPa] stress contour line.
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Fig. 2.23 Simulation of annihilation on (1, T, 1) slip plane with Burgers vector [1, 1,0] under 1{GPa]

[-1,-1,0]

)

resolved share stress field. (a)Two circular loops are 40[nm] apart. (b) The pinning points are
40[nm] apart. (b) is operating as a Frank-Read source. Snapshots are plotted by the same number

of computational step.
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[1,-1,0]

Fig. 2.25 Simulation of junction formation between two loops under 1[{GPa] resolved share stress
field. Both are on the same (1, 1, 1) glide plane. One has Burgers vector [0, 1, 1], the other with

Burgers vector [1,0, 1], which are shown with arrows in figure.

Fig. 2.26 Schematics of the cross-slip mechanism [8].
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Fig. 2.27 A bow-out double kink model for cross slip [9].
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Fig. 2.28 Simulation of cross slip with an initial dislocation on (1, I, 1) with Burgers vector [1, 1, 0]
under 1[GPa] resolved share stress field. Cross slip happens at the place marked with 4 arrows.
Snapshots are plotted by the same number of computational step.J al] 3d view (b) [1, 1, 0] view

(©)[1,1,0] view
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Fig. 2.29 Schematics of the algorithm of the slip vector.(a) The initial atomic arrangements. (b)The

current atomic arrangement. (c)Schematics of the slip vector.
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Fig. 2.30 Comparison of motion

under share stress. (a)The screw dislocation model. Simulation result at 5.4[ps] with the SW(b) and

T3(c).
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Table 2.2 The region size and the number of the atoms in the simulation cell in Fig.2.30.

Number of Atoms | 22026
Model Size
X[nm] 2.3
y[nm] 14.1
z[nm] 13.3
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Table 2.3 The region size and the number of the atoms in the simulation cell in Fig.2.31.

Number of Atoms | 22113

Model Size
x[nm] 153
y[nm] 14.1

z[nm] 1.99
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Fig. 2.31 Comparison of motion of the edge dislocation the SW potential with the T3 at O[[K]]

under share stress. (a)The edge dislocation model.Simulation result at 5.4[ps] with the SW(b) and

T3(c).
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Fig. 3.1 Schematics of SiN thin film pattern and expected dislocation loop configrations.

Silicon wafer Specimen X200 SEM image

Fig. 3.2 Picture of specimen cutting from silicon wafer and SiN thin film pattern (X200, SEM).
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Fig. 3.3 Process of annealing specimen.
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Fig. 3.4 Etch pit and TEM image of generated dislocations near the SiN square pad.
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Fig. 3.5 Propagation of a dislocation in the CZ wafer under large share stress caused by the SiN

thin film. Snapshots are plotted by the same number of computational step 0 with upside view.
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Fig. 3.6 (a)(b)(c)(d)Snapshots of simulation result of dislocation configuraton (solid line) (a)(b)in
CZ wafer and (c)(d)in FZ wafer from 3D view when only one dislocation generates at the generation
point. Resolved share stress iso-contours are plotted in dash line. (e) Comparison of the stationary

configuration of the dislocation in CZ wafer with in FZ wafer.
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Fig. 3.7 (a)(b)(c)(d)Snapshots of simulation result of dislocation configuraton (solid line) (a)(b)in
CZ wafer and (c)(d)in FZ wafer from 3D view when 6 dislocations generate at the generation
point. Resolved share stress iso-contours are plotted in dot line. (e) Comparison of the stationary

configuration of the dislocations in CZ wafer with in FZ wafer.
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Fig. 3.8 Comparion of (a) the simulation result of 6 dislocations in FZ wafer with (b) the TEM

image [1].
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Fig. 3.9 Time history of (a)the coordination or (b)velocity of the first dislocation. Experiment results

and simulation results involving 1, 3 and 6 dislocations are shown[]
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Fig. 4.1 Generation and growth mechanism of dislocations:(a)after implantation (b)during an-
neal(first stage),(d)during anneal(second stage) (d)during anneal(middle stage) (e)during an-

neal(final stage) [10].
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Fig. 4.2 TEM image of dislocation characteristics during annealing. Annealing condition is

(a)10[min],900[C ]: (b)60[min], 900[C ] [10].
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(a) Bright Field (b) Dark Field <2,2,0>

(c) Dark Field <-2,2,0> (d) Dark Field <0,4,0>

Fig. 4.3 (a)TEM bright field image. (b)(c)(d)TEM dark field image. (b)< 2,2,0 > (c)< 2,2,0 >
(1)< 0,4,0 >0
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Fig. 4.4 Schematics of unfalting of a intrinsic-type Frank partial. Nucleation and growth of a

Shockley partial within a faulted Frank sessile loop.(a)initial state (b)middle stage (c)final stage.
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Fig. 4.6 Schematics of a PED with its slip system.
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Fig. 4.7 Extrinsic-type stacking fault projected on (1, 1,0) plane [11].
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(a) (b)
Fig. 4.8 Bonding pattern in crystal silicon. (a)Perfect crystal; (b)stacking fault

Table 4.1 The region size and the number of the atoms in the simulation cell .

Number of Atoms | 98308
Model Size
x[nm] 15.3
y[nm] 941
z[nm] 13.3
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Fig. 4.9 Extrinsic-type stacking fault simulation model. Cross-sectional view of the the stacking

fault(two dash lines) is shown.
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Fig. 4.10 Snapshots of the simulation result. Atoms which have slipped by the norm of the par-
tials’ Burgers vector are shown from 3D view point. (a)t = 10.8[ps]: (b)t = 15.1[ps]:(c)t =
17.0[ps]:(d)r = 22.4[ps]:(e)t = 24.3[ps]
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Fig. 4.11 Snapshots of the simulation result. Atoms are colored by the norm of slip vector
from cross-sectional view (Fig.4.10). (a)r = 10.8[ps]: (b)t = 15.1[ps]:(c)t = 17.0[ps]:(d)¢
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Fig. 4.12 (a)A snapshot of punched-out perfect dislocations at 13.7[ps]. (b) Dependance of the

energey per atom on time.
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Fig. 4.13 (a)(b)Snapshots of the initial and stationary configuration of the simulation result. Atoms
which have slipped by the norm of the partials’ Burgers vector are shown from 3D view point. (c)

Cross-sectional view of (b).
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Fig. 4.15 Schematics of the growth of a perfect loop to a PED.
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Fig. 4.16 Bright field TEM images [10] corresponding to Fig.4.15.
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Fig. 4.17 Image force distribution (green solid arrows) and self-force distribution (red dot arrows)
on circlar loop with (1, 1, 1)[1, 1, 0] slip system. The loop is 50[nm] from free surface, 1000[nm]

from the SiN edge ,and its radius is 45[nm]. (a)3d view (b)top view (c) side view.
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Table 4.2 The region size and the number of the atoms in the simulation cell in Fig.4.18.

Number of Atoms | 294348

Model Size
x[nm] 154
y[nm] 94

z[nm] 39.9
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Fig. 4.18 Simulation model for computation of the intercation between a stacking fault and a screw

dislocation .
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Fig. 4.19 Snapshots of the simulation result. Not 4-coordinate-numbered atoms are displayed to
show the dislocation figure. (a)t = 4.32[ps]:(b)t = 16.2[ps]:(c)t = 21.6[ps]:(d)t = 22.68[ps]:
(e)t = 27.0[ps]:(H)r = 29.16[ps]
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(a) t = 4.32 [ps]

() t =16.2 [ps]

(c) t = 21.6 [ps]

(d) t =22.68 [ps]

(e) t =27.0 [ps]

() t =29.16 [ps]

Fig. 4.20 Snapshots of the simulation result. Atoms are colored by the norm of slip vector. (a)t =

4.32[ps]:(b)t = 16.2[ps]:(c)t = 21.6[ps]:(d)t = 22.68[ps]: (e)t = 27.0[ps]:(f)t = 29.16[ps]
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(a) t=17.82[ps]

(b) t=23.76[ps]

(c) t=25.38[ps]

(d) t=27.00[ps]

(e) t=29.16[ps]

() t=30.78[psl

Fig. 4.21 Snapshots of the simulation result. Dislocation visualization algorithm is used. (a)t =

17.82[ps]:(b)t = 23.76[ps]:(c)t = 25.38[ps]:(d)¢t = 27.00[ps]: (e)t = 29.16[ps]:(H)r = 30.78[ps]
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Fig. 4.22 Snapshots of the simulation result. Atoms are colored by the norm of slip vector. (a)t =

17.82[ps]:(b)t = 23.76[ps]:(c)t = 25.38[ps]:(d)r = 27.00[ps]: (e)t = 29.16[ps]:(H)r = 30.78[ps]
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Table 4.3 The region size and the number of the atoms in the simulation cell in Fig.4.23.

Number of Atoms | 294728
Model Size
x[nm] 46.1
y[nm] 94
z[nm] 13.3

y [1,1,1]

x [1,-1,0]

z [1,1,-2]

Fig. 4.23 Simulation model for computation of the intercation between a stacking fault and a edge

dislocation .
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(a) t=1.08[ps]

() t=12.96[ps]

(c) t=16.2[ps]

(d) t=19.98[ps]

s (e) t=23.76[ps]

i .

E (® t=27.0[psl

Fig. 4.24 Snapshots of the simulation result. Dislocation visualization algorithm is used. (a)t =

1.08[ps]:(b)t = 12.96[ps]:(c)t = 16.2[ps]:(d)r = 19.98[ps]: (e)tr = 23.76[ps]:(f)r = 27.0[ps]
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(a) t=1.08 [ps]

(b) t=12.96 [ps]

(c) t=16.2[ps]

(d) t=19.98[psl]

(e) t=23.76[ps]

) t=27.0 [ps]

Fig. 4.25 Snapshots of the simulation result. Atoms are colored by the norm of slip vector. (a)t =

1.08[ps]:(b)t = 12.96[ps]:(c)t = 16.2[ps]:(d)r = 19.98[ps]: (e)r = 23.76[ps]:(f)r = 27.0[ps]
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(a) t=14.04[ps]

(b) t=18.36[ps]

(c) t=19.44[ps]

(d) t=20.52[ps]

(e) t=22.68[psl]

b

"W
5 - (f) t=25.38[ps]

Fig. 4.26 Snapshots of the simulation result. Dislocation visualization algorithm is used. (a)t =

14.04[ps]:(b)t = 18.36[ps]:(c)t = 19.44[ps]:(d)t = 20.52[ps]: (e)t = 22.68[ps]:(H)t = 25.38[ps]
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(a) t=14.04[ps]

(b) t=18.36(ps]

(c) t=19.44[ps]

(d) t=20.52[ps]

(e) t=22.68[ps]

(f) t=25.38[psl

Fig. 4.27 Snapshots of the simulation result. Atoms are colored by the norm of slip vector. (a)t =

14.04[ps]:(b)t = 18.36[ps]:(c)t = 19.44[ps]:(d)r = 20.52[ps]: (e)t = 22.68[ps]:(H)r = 25.38[ps]
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Fig. 4.28 Snapshots of plane-view configuration of Pre-PED and EOR dislocation interaction and a
corresponding TEM image [10]0 (a) ¢ = O[sec] (b) t = 0.01[sec] (c) TEM image [10] .
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Fig. 4.29 Snapshots of plane-view configuration of Pre-PED and Pre-PED interaction and a cor-
responding TEM image [10]0 (a) ¢+ = O[sec] (b) t = 0.01[sec] (c) TEM image [10] (d) TEM
image [10].
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0,0,1 .
100,11 Si substrate
(1,1,0]
(1,-1,0]
Fig. 4.30 Schematics of line and space pattern.
Table 4.4 Material constants used in the FEM.
material young ratio poisson ratio linear thermal expansion Initial stress
[GPa] coefficient [1/0 ] [GPa]
Si 170 0.28 3.0x 107° -
Si0, 70 0.17 0.87x 107° 0.0
SiN(SizNg) 260 0.26 3.1x 1076 0.1~2.0

Equivalent stiffness Si 2.0 x 10° 0.28 3.0x 1076 -




040 0000D0O0O0ODO0OO0OOOODOOOODOOO 108

[1 ’ ]}

-1, 1,1

-1,-1, 1< (1,1, 1) Space

[-1,1,0]

XT[1,1,0]
1-1,1

Z[1,-1,0]

M 001 Thin film(SiN)

A 01,0
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Fig. 4.31 Plane-view of the schematics of the Line and Space pattern with slip direction[]

Fig. 4.32 Mises equivalent stress contour of Si substrate.
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Fig. 4.33 Resolved share stress contour of Si substrate with (1, 1, 1)[1, 1,0] slip system. Solid line

shows iso-stress contours with Si0O,0[nm] and dot line for SiO,9[nm].
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Fig. 4.34 (a)(b)(c)(d)(e)(f) Snapshots of simulated dislocation loop. (a)(c)(e) initial state. (b)(d)(f)

stationary configuration.(f) TEM Image of Experiment result [10]
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Fig. 4.35 Dependence of the PEDs position from the SiN edge on SiN thickness.
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Fig. 4.36 Dependence of the PEDs position from the SiN edge on SiO; thickness.
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Fig. 5.1 TEM image of dislocations punched out from precipitate [12].
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Fig. 5.2 Schematics of the generation of prismatic loops at a particle [13]. (a)(b) The geometory of
the slip planes around BMD. (a)Cross sectional view (b)3D-view. (c) A share loop on the (1,1, 1)
glide plane with the Burgers vector 1/2[1,0, 1] expands until its screw segments lie parallel to

highly stressed cross-slip planes. Repeated cross slip then generates a prismatic loop as shown

(b)~(d).
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(b)(1,-1,1)

Fig. 5.4 The resolved share stress contour (a)on the (1, 1, 1) plane and (b)on the (1, 1, 1) plane.
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subsequent equidistant time moments.
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(a) t=0[ u sec] (b) t=12[ i sec]

(e) t=174[ 1 sec] (e) t=195[ u sec]

Fig. 5.6 The simulated operation of a punched out dislocation with 3d view. The sequence of
the operation is shown at various time moments:(a)t = O[usec];(b)t = 12[usec];(c)t = 87[usec];

(d)r = 128[usec];(e)t = 174[usec];(f)t = 195[usec]
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(a) t=0[ u sec] (b) t=12[ u sec]

(c) t=87[ u secl (d) t=128[ u secl

(e) t=174[ u secl () t=195[ 1 sec]

Fig. 5.7 The simulated operation of a punched out dislocation with upside view. The sequence of
the operation is shown at various time moments:(a)t = O[usec];(b)t = 12[usec];(c)t = 87[usec];

(d)t = 128[usec];(e)t = 174[usec];(f)r = 195[usec]
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Fig. 5.8 Comparison of the simulation result(a) with TEM image(b) [12].
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Fig. 5.9 Comparison of the simulation result (a)with cross slip with (b)without cross slip from

upside view.
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Fig. 5.11 (a)Time history of the distance from the center of the BMD to the dislocation edge.
Simulation result with the cross slip (the solid line) is compared with without the cross slip (dash

line).(b) The distance used in (a) is graphically shown.
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