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Fig. 1.3 (a) Example of an initial configuration of segments. (b) Frank Read multiplication
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Fig. 2.2 Dislocations are represented as straight lines and nodes. Acting force to dislo-
cation segments must be perpendicular to dl.
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Fig. 2.3 Geometry for calculating the stress contribution from a segment of finite length.
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Fig. 2.4 Schematic of calculation method of contribution from local and none local seg-
ment.
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Comparison of interaction force in the Edge Dislocation
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Fig. 2.7 Comparison of interaction force of two parallel straight dislocation between

simulation and analysis.

dislocation.
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Line Tension of Edge Dislocation Line Tension of Screw Dislocation
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Fig. 2.10 Comparison the line tension of analytical solution with simulation, changing
the radius of curvature of dislocation loop and the percentage of segments.
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Fig. 2.11 The method of calculating the contribution of free surface to dislocation segment.
The dislocation is treated as a straight line intersecting the surface.

ooboo. Aobbooooooooooboooooobooobooobog,eobogo
ooboooboooobooboOo,pbobb0oboobbOobObooboobooOoboOoo.
U0n,n0000000OO0O0OODOOO0OODOO0O,0b000b0b000bboon
gobobboooogbobbooooobobobbooooobobbboooooobon.
gbboggbbouooobbooobbooobboobbboobbboob,uon

15



Oo000000000000000000000000000000 2900000
D000000000000000,0(290000000000000000000
oooooooooo 1,

2
po M

= m{ngpycosﬁsinﬂ} (2.10)

0000000000000000000000000000 (21, i, 2), (Tis1, Yist, 2is1)
0000000000000 20000000, |z —2i4] <1.0x107000 |y — yiss| <
1.0x10-°000000000000000000000000000000000

00,000000000000000000,\A0000000000000000
000000000000000000000000000000,000000000

ogoong.
1% 2 bg
= 2.11
/ 47r)\<b8+1—u> ( )

b, 00000000000 000000DO, b, 0000000000, 0000000
0000000000000000000000000.00000000000000
000000000000000000000 (x4, v, 2), (Tis1, Yis1, 241) 0000000
000000020000000, |z -2 <1.0x107°0000000000000
000000000000000000000000

(a) Segment is perpendicular to (b) Segment is parallel to
the surface the surface

[17777777777 ///////////// 77777777777 117771771777 177777777777777777777

Dislocatlon segment

Fig. 2.12 The method of calculating the contribution of free surface to dislocation segment
in the case that segment is perpendicular and parallel to the surface.

0(29)00 (211) 000000000000 DO0O0O0OO0OODO0ODOD0OOOOOOOOO
oboooo D oObOOoOobOoOoobooobboobbbobobuoobooooD A
000 (0000 XN=04x1072pm|000)000000000O0OOOOOOOOO
goboogoobbobbbouooooobbbbboooooooobbhstepddd
gbbboodgobboodan

16



25 OOO0OOOOOO

gbougoggodbogobuogobodboooboonooogbobuooboa
gbugbobobobuodbooobduoboobbooboobboobooobbon
gboogobuogbbooboooooobbobbboobobogbbooboon
gbogbobuodbbobobuoobobuoobooobuoobbooboboboobooon
gbobogobbooogobob,gbbooobbuoobboonoboboooobboon
ooooooooooOooooogooooDo Al 0DOOoDOoDOOOOO0ODObOODOO
ooooboo AL, 000000 DO0bOO0ooogog

gbugbbodgboobbuoobobobbobuooboo,boobuoobbodood
Obooooboboooboboo 2300000 b000bobuo0noDb o000 R
spOUOO0OO0OOobbobougoboubbbouoobbogobbooboooon
gboogobuogbbdboobbooboboboobuooobogbbooboon
gbuogbobobobuodboooobuoobbooboobobobbooboobboo
0000000 YOoOooooooooooO0OO0OODOO0O0O00ooooooo0oo000o0o00
Ooooob0 A,L,OD000D0 R OODOODOOODOOODODOOODOOOODOOO
OOo00obobOob0 Oboooooob0oboboooob0 Aloooboboboboboo

Al
— ~0.1~0.2 2.12
= (212)

C
goggobobobbbbbbbbbbbobtbootbouououuuooooooooooon
gboogobuodbbobobogboboboboobobbogbooobooboon
0(212)0000000000000000000O00ODOOOOOOOO0OOOOOO
gog

17



26 U0O0OOOOOOObDOObDOOO

gogoooobobbobbbobbbbbobbbboboboobogdooooogo
gbogbobuodboboboboobbuooboobobbodobuobbobooboon
0.0000000000T=10000,00000 1step000 1.0x107*[s§jO0000O0
goo.

2.6.1 OU0UOobOooooooob

0000000000000000000000000000000, 000000
000000000000000000000000. 000000000000 1000
step=1.0x 107! [§]000. 00000 7,y = 10.0 [MPa] D 00000000000 1.00
[pm] 00 15.0 [pm] 00000, 00000 7, = 10.0 [MPa]0 00000 15.0 [pm] O
0095 [pm|000000000000000000000000O0000000

/\
\/

Fig. 2.13 Dislocation expands by the external glide force.
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Fig. 2.14 Dislocation shrinks by the self force.
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Fig. 2.16 Dislocation is drived by the external glide force, the self force and the effect of
free surface.

20



27 Uooooooon

gbouogoogbuogboggbogboboobuoobobodgbooobuooboa
OO00000o00o0oob0oboboobo0obouobo0bn0d annihilation O junction O 0O O
gboogobuodbbooboobbuoobooobuoobboobobobooobon
gbuogbobobobuodbooobbuodgbboobodobobobbooboobboo

gbobbuoooobbboooobobooooboboooobobbod

| Simulation start

]

Calculate Peach-K oehler

Monitor interval of dislocation

I

Change segment size and
increment of time step

Interval L is
Ob<L<1

No

force Fpy

Fex| > F
and attractive

Main calculation

7 Y

No

/ar@/-\a"scn)S jcn

No

wtbep #

junction

>

End

annihilation

Fig. 2.17 Flow chart of the numerical algorithm for short-range reactions.
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2.7.4 junction
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Fig. 2.23 Results of junction simulation in the case of two dislocation half loop.
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Fig. 3.2 Schematics of STI plane view in the substrate and the 1/4 analysis model of the
unit cell.
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Fig. 3.3 3D FEM mesh of the 1/4 analysis model of the unit cell.

Table 3.1 Material constants used in the FEM.

material young ratio poisson ratio linear thermal expansion Initial stress
[GPa] coefficient [1/00 ] [GPa
Si 170 0.20 3.0x 1076 -
5104 70 0.17 0.87x 1076 -0.80
Poly-Si 170 0.20 3.0x 1076 1.0
Equivalent stiffness Si 1.9 x 10° 0.20 3.0x 1076 -
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Fig. 3.4 Fabrication process of STI.
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Fig. 3.5 Fabrication process of STI for FEM analysis.
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Fig. 3.6 Schematics of deformation of STI in each analysis step.
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Fig. 3.7 Stress contours of o,, 0, and o, in the cross sectional view.
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Fig. 3.8 Stress contours of 0,,;.s in each analysis step.
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Fig. 3.10 Simulation results of (111)[110] slip system.
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Fig. 3.12 Simulation results of (111)[011] slip system.
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Fig. 3.13 Simulation results (a - e) of (111)[011] slip system and corresponding TEM
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Fig. 3.14 Simulation results of (111)[011] slip system.
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Fig. 3.15 Simulation results (a - e) of (111)[011] slip system and corresponding TEM
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Fig. 3.18 Simulation results of (111)[101] slip system.
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Fig. 3.20 Simulation results of dislocation equilibrium configuration (a, ¢, e) in various
slip systems and corresponding contours of shear stress.
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Fig. 4.1 Schematics of SiN thin film pattern and expected dislocation loop configrations.
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Fig. 4.2 Left picture is Etch-pit image ¥. Black lines are SiN thin-film and black points
are dislocations intersect at the silicon surface. Right picture is TEM photograph ¥ from
cross sectional view.
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Fig. 4.3 Picture of specimen cutting from silicon wafer and SiN thin film pattern (x 200,
SEM).
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Fig. 4.4 Process of annealing specimen.
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Fig. 4.5 FEtch pit and TEM image of generated dislocations near the SiN square pad.
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Fig. 4.6 Dependence of dislocation position R, generated number and velocity on anneal-

ing time in experiment.
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Fig. 4.7 2D FEM mesh of the analysis model for Line 0 Space.
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Table 4.1 Material properties used in the FEM model.

material  young ratio poisson ratio linear thermal expansion Initial stress

[GPa] coefficient [1/00 ] [GPa]
Si 170 0.20 3.0x 1076 -
SiN 260 0.25 3.1x 107 1.60 1.8
Equivalent 2.0 x 10° 0.20 3.0x 1076 -

stiffness Si
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Fig. 4.8 Result of FEM. (a) is deformation, (b) is o, distribution. (c) and (d) are
distribution of applied stress for (111)[011] dislocation. The large force exists from stress
singularity point toward the dislocation slip direction.
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4.2.2.2 Square Pad
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(a) deformation (b) deformation
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Fig. 4.10 (a), (b) are deformation, (c), (d) are contours of mises effective stress and (e),
(f) are shear stress in (111)[011] slip system.
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Fig. 4.11 Graph of K-value calculated from eq. (4.2). The horizontal axis is distance
from sterss singularity point and the vertical line is K value [MPa-m%4®].
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Fig. 4.12 Comparison of 7,4 from eq. (4.1) with FEM analysis. The horizontal axis is
distance from sterss singularity point and the vertical line is 7,5, [MPa].

gbuodgbboobuodgboobbooboobbooboobbooboobboo
0000000000 43)000000000000000 KOoOoOoooooooo
D000000D0000000 30

K = K- Ku (4.3)
pb(1 — 0.25v)

Ko = i) Z 052 (4:4)

00000605 GPal0O0000000200000000000000000000.384
nmUO0 K, ,0000000000000000000004400 K,,00000000
Oooobo-0000b0obdboboobogbooD b, D0 O0O0OO0OOODOOD
gobobuoooobbobuoooob4sb,b4ebD0ooon

pbg by
rep,screw — 4.5
Jren, 2rr (4.5)
pbg by
rep,edge — 4.6
Trepedg 27(1 —v)r (46)

gboogbboboboobuoobuogboobboboboobuooboobobooban
O00000000oDOooO0o0UoooooooU0oooooooOogoooooo 4.1
gbobobuoddanb0Oe0c00000igonobboogoobobooooooobod

O ub*(1-0.25v) & 1
rep 27(1 —v) Z

J=0,571

(4.7)

’I“Z‘—’I“j

0000 f=700004700004.10000000000DO00D0OOO0ODOODOODO
OKOOOO0OO K., 0000000

pb(1 — 0.250) 1
Trep = —p——t—
i 2r(l—wv) r

62



pb(1—0250) 1 1
27(1 —wv) 052,048
Krep

= = (4.8)

0(43) 00000000 (4.1)0000000000 KOODOODODOooooooooo
(0 K., 0K'0000000000000000O000D00000 KOOOOoooo
gbbogbobodbuoobobooboobbuooboobbodbboboboobbon
Oo000d0oOOoo00ooo00ooOo0o0oooO0ooo0ooooDOoO00D KO Ky 0O O
gbbogbooboobbuogbobobbuoobbobboobbouobobooboon
ooooboooooooooobbodbn K, Oooooooboboooooooogo
gbooggboobbuoobbuoobobuoooooboobobbobuoobo-00booo
gboboboooobbbooobbbboooon

4.24 0O000O0O0O0O0O

gbugbobodgboobbudbboobuabuoobboobugobobobuooboo
00000000000 330000000 0000000000000000000
0D000000000000000000000000000000000000 30
gobbuoooobbbooooboboooobobooon

T\™ Q
B (< —— > 7,
v = <7'()) 6Xp< ]CBT> T T (49)
0 T < Ter
0.215

T, = 2.2x107Cyexp (4.10)

kT

B =72x% 10"°[um/s|On = 1.10Q = 2.2[eV]E, = 10[MPa]Jkz; 0000000007 O
00 [KOC, 00000 [em™®000. 0000 (49000000000 000000
0r000000000000000000007,000000000000000 0
00000000000000000000000

63



4.3 O0OO0OO0OO0OOOOOOOOOO

4.3.1 Linel Space

Lined Space U0 OO ODOOOODODOOOO Fig. 420000000 SINOODODO
gboogobuogbbodbooobuoobbuouoooboobboobooooobn
oooboboobobooboobobuooboboboboobobuogFrFzO0DO
oOoobOOocczoobooooboobooooboboboobDoobooboboooo
O4100000000000000 Table420000FZ0000 CZ000000000
000000000000 0.156 x 107'00.125 x 10! [MPa] 00000 CZ00O00O0O
obooooborz00000bbooobbooobboooobobbooobbood
obooboooobob rFrZ00b00oboobobooobooooonoobonooong

Table 4.2 Critical stress of dislocation calculated from eq. (4.10) which is dependent on
oxygen concentration of silicon substrate.

Oxygen concentration Cy [atoms/cm?]  Critical stress 7., [MPa]
FZ wafer 1.0 x 1016 0.156 x 1071
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K=0.100CZOUOOOOOOOOOOO 100000 K=0.0850000Fig. 4200000
OO00O0000OSINODODOOOOoDOooboDbDOooObOoDoOUOOoDFg 4100000
OOooooooooooooowio FZz00000 W=20pm O0CZO00000 W=1.00
20mI0000000000000O00O0O0DO0O [001][1100000Fig. 4200000
O KOO42300000000000000000 9%00010000000000DO0
00 KOO 0.08000.06000 00000000000 10nmO0O00000 (111)[011]
oobooooocczooooooooooobobooooooooboooobooooogo
oboooboobooboobuoobuoobuobob Koboobooboobooobo
0000000000000000000000000000000000000 30
gbobobuooooobbuoooobbobbooogoobooo

64



IN thin film

N

Dislocation

| |
T (@) t=0.60% 10" [sec] T (d) t=0.10x 1073 [sec]

0 10 um 0 10 um

| |
1 (b) t=0.12 % 102 [sec] T (e) t=0.10% 10 [sec]

0 L0pm 010 pm

TI (¢) t=0.22 X 10" [sec] T| (f) t=0.10X 10! [sec]

0 10 um 0 10 um

Fig. 4.13 Simulation results of generated dislocation loops in FZ (a, b, ¢) and CZ (d, e,
f) wafer.
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Table 4.3 Dislocation coordinates from a stress singularity point. Comparison of simula-

34)

tion results with TEM observations °* .

FZ wafer (9000)

CZ wafer (1000 0)

TEM image *» | Simulation | TEM image Simulation
W [pm] 20 1.0 2.0 1.0
N 04 4 1 1 (fixed) | 1 (fixed) 3
r [pm], 1% 0.20 0.644 0.60 0.468 0.657 0.179
ond 0.36 1.09 - - - 0.368
3rd 0.50 1.62 - - - 0.704
4th 0.80 2.27 - - - -
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Fig. 4.14 Simulation results of generated dislocation loops near the SiN square pad in FZ

and CZ walfer.
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Table 4.4 Sum of dislocation length in CZ and FZ wafer per 20 gm SiN thim film.

CZ wafer F7Z wafer O
Simulation width W [pm)] 1.0 x 20 = 20.0 20.0
Each dislocation length [pm] 2.06 20.2, 20.8, 21.7, 22.8
Sum of each length [pm)] 41.2 85.5
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