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Table 3-1 Parameters for GEAM[25]
Cu Az An ™ Pd Pt Al Po
. 2556162 2891814 2BB3034 2 488746 2750897 27971916 2888166 3499723
£ 1.554485 1.106232 1.529021 2.007018 1.595417 2336509 1392302 0647872
Pe 22150141 15.539255 21319637 27 984706 22770550 34 108882 20 226537 5906840
a T.669911 7944536 8.086176 5.029633 T.605017 7.079932 6.942419 5468412
B 4090619 4237086 4312627 4282471 4 056009 3775974 3702623 4516486
A 0327584 0.268074 0230728 0439654 0.385412 0445644 0.251519 0.134878
B 0.468733 0.386272 0336695 0.632771 0.545121 0593713 0.3133%4 0203093
K 0431307 0.425351 0420755 0413436 0.425578 0413454 0395132 0425877
A 0.86214 0850703 0.841511 0.826873 0851156 0826967 0790264 0851753
Fo —2. 176490 —1.729619 —2.930281 —2.693096 —2.320473 —4.009542 —2.806783 —1.41964
F, —0.1400335 —0.221025 —0.354034 —0.066073 —0.421263 —0.754764 —0.276173 —0.228622
Fa 0.285621 0.541558 1.489437 0.170482 0.9665235 1.766503 0.853409 0.63006%
Fa —1.750834 —0.967036 — 0886800 —2 457442 —0.932685 —1.578274 —1.637201 —0.560952
Fy -219 —1.75 —2.98 2170 —2.36 —4.17 —2.83 -1.44
F, L] 0 o L] 0 L o /]
Fy 0.702%91 0983967 23283863 0282257 1966273 3474733 0.5929508 0521049
Fs 0.683705 0520904 0494127 0102879 1.396717 2288323 —0.682320 0.108847
il 0921150 1145461 1286960 0509850 1.399758 1393490 0.779208 1.172361
F, —2.191675 —1.751274 —2.981365 —2.700493 —2.362609 —4.174332 —2.829437 —1.440454
Fe Mo Ta W Mz Co Ti Zr
r. 2481987 2728100 2.860082 2740840 3.196291 25055979 2933872 3.199978
A 1.883957 2723710 3.086341 3487340 0.544323 1975299 1.863200 2330909
L8 20041463 29 354063 33.787168 37234847 T.132600 27206789 25565138 30879991
o 9.818270 8.393551 8489528 5.900114 10.228708 B.67T9623 B.775431 8.559180
B 5236411 4476350 4527748 4746728 5453311 4.629134 4.680230 4564902
A4 0392811 0708787 0611679 0.882435 0.137518 0421378 0.373601 0.424667
B 0.646243 1.120373 1.032101 1394552 0.225930 0.640107 0570968 0.640054
K 0.170306 0.137640 0.176977 0.139209 0.5 05 0.5 05
A 0.340613 0.275280 0353954 0278417 10 1.0 10 1.0
Fu —2.534992 —3.6925913 —5.103845 —4 946281 —0.896473 —2.541799 —3.203773 —4.485793
Fa — 00596035 —0.178812 —0.405524 —0.148818 —0.044291 —0.219415 —0.198252 —0.293129
Fa 0.193063 0380450 1.112957 0.365057 0.162232 0.733381 0.683779 0990148
Fa —2.282322 —3.133650 —3.585325 —4.432406 —0.689950 —1.589003 —2.321732 —3.202516
Fy -254 -3.71 -514 —496 —0.90 —2.56 -322 —451
F, 0 0 0 0 0 L] 0 o
F 0200269 0.875874 1.640098 0.661935 0.122838 0705843 06083587 0528602
Fy —0.148770 0.776222 0221375 0348147 —0.226010 —0.687140 —0.750710 —0.981870
n 0.391750 0730879 0.548843 —0.582714 0.431425 0.694608 0558572 0.597133
F, —2.539545 —3.712093 —5.141526 —4.961306 —0.899702 —2.559307 —3.219176 —4.509025

"
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3.1.3

Fig. 3-1 Y

A 1
-

Fig. 3-1 Schematic illustration of calculation models

7, (bulk) Epu » Eue
A
Vs = % (3. 11)
f, P t
f, = % Pt (3. 12)
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2
Ek;ulk
2 a b 7ab
Eab _ Era _ Elb
Va = Byt~ (3. 13)
A
(3.12) P,t
3.1.4
0[K]
1step=1 10[fs]
( ) O[Pa]
NTP
NVT
cutoff 1]
3.1.5
Materials Explorer
3.0 MD
Windows
GEAM
(NEV NTV NPH NTP) [26]



3.2

3.2.1

Table 3-2

[27-29]
30]

23

(fcc

bcc

[27, 28,



Table 3-2 Surface energy

surface energy y[J/ mz] surface energy y[J/ mz]
surface first- surface first-
Material |orientation [result |principles |experiment| |Material _|orientation [result |principles |experiment
fcc bcc
(100) 1512 (100) 1.691
(110) 1.637 (110) 1.428
Cu [a1D) 1.449 1.94 Fe (111) 1.858
Average 1.532 1.77 Average 1.659
Std. Dev. 0.096 Std. Dev. 0.217
(100) 1.904 (100) 2.474 352
(110) 1.360 (110) 2.151 3.14
Ni (111) 1.830 Mo (111) 2.775)
Average 1.698 2.24 Average 2.467
Std. Dev. 0.295 Std. Dev. 0.312
(100) 0.854 (100) 2.342
(110) 0.942 (110) 1.985
Al 11D 0.831 0.96 Ta [(111) 2576
Average 0.876 1.00 Average 2.301
Std. Dev. 0.059 Std. Dev. 0.298|
(100) 0.493 121 (100) 2.976 554
(110) 1.107 1.27 (110) 2574
Ag [@1D) 0.971 1.21 W (111) 3.340
Average 0.857 1.24, Average 2.963|
Std. Dev. 0.322 Std. Dev. 0.383]
(100) 1.126 1.42 hcp
(110) 1.205 Co (1000) 1.974
Au [a1D 1.040 1.25
Average 1.124 1.54, Zr (1000) 1.250
Std. Dev. 0.083
Ti (1000) 1.273
(100) 1.703 1.79
(110) 1.831 2.35 Mg (1000) 0.369
Pd [(111) 1.620 1.64
Average 1.718 2.00
Std. Dev. 0.107
(100) 2.053 2.51
(110) 2.207 2.75
Pt [(111) 1.966 2.19
Average 2.075 2.49
Std. Dev. 0.122
(100) 0.396
(110) 0.432
Pb [(111) 0.364 05
Average 0.398 0.60
Std. Dev. 0.034

first-principles:[27-29] experiment:[27, 28, 30]

Table3-2

MD

24
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Fig. 3-2 Comparison of surface energies calculated by MD and the
first-principles method
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Fig. 3-3 Comparison of surface energies calculated by MD and experiments

10 20%

25



Table 3-3

[27, 28]

Table 3-3 Surface stress

(fcc

bcc

surface stress f [J/m?] surface stress f [J/m?]
surface first- surface first-
Material |orientation |result principles Material Jorientation [result principles
fcc bcc
(100) 0.988 (100) 2.433
(110) 0.983 (110) 1.043
Cu (111) 0.240 Fe (111) 0.644
Average 0.737 Average 1.373
Std. Dev. 0.431 Std. Dev. 0.939
(100) 1.378 (100) 4.156
(110) 1.397 (110) 0.757
Ni (111) 0.289 Mo (111) -0.116
Average 1.021 Average 1.599
Std. Dev. 0.634 Std. Dev. 2.257
(100) 0.541 (100) 2.492
(110) 0.497 1.84 (110) 1.600
Al (111) -0.062 1.25 Ta (111) 1.029
Average 0.325 Average 1.707
Std. Dev. 0.336 Std. Dev. 0.738
(100) 1.071 2.8 (100) 4.386
(110) 1.025 (110) 0.013
Ag [@1D 0.505 w (111) -0.826
Average 0.867 Average 1,191
Std. Dev. 0.314 Std. Dev. 2.799
(100) 1.705 4.56 hcp
(110) 1.690 Co (1000) 0.983
Au (111) 1.725 2.77
Average 1.707 Zr (1000) 1.674
Std. Dev. 0.018
Ti (1000) 1.033
(100) 1.742 3.86
(110) 1.774 1.86 Mg (1000) 0.314
Pd (111) 1.527
Average 1.681
Std. Dev. 0.134
(100) 2.550 8.1
(110) 2.849 5.08
Pt (111) 2.051 5.6
Average 2.484
Std. Dev. 0.403
(100) 0.552
(110) -0.009
Pb (111) 0.273 0.82
Average 0.272
Std. Dev. 0.281
Table3-3 MD
MD plot
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Fig. 3-4 Comparison of surface stresses calculated by MD and the
first-principles method
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Table 3-4 Surface energies of fcc metals

Element [surface vI[I/m?]
0] |r271a [1271b |1281a Jr281b 1281c |[291a Jr2910][291c |1291d |129%e 1311 [r221 |iso1 [r321 |i331 |341
fcc
(100) 1.29 193 1.28] 165 128| 1.29 1651
(110) 2.04 14] 164 1.4 1642
Cu Jaw 118 1.73] 1.94] 117] 141 117| 118 1.409
185
Expt. 1.77 1.79 1.77
(100) 157 158| 157 2435
(110) 173 2.384
Ni |1 144 1.45| 144 2.036
245
Expt. 2.38 2.24
(100) 0.90
(110):<1-10> 091 0960
(110):<001> 0.91
Al @) 0.96 09§ 096| 062
071
096
Expt. 1
121
(100) 112| o7 07 129]13 | o7a| 122 0705| 07 1271
1.26
Ag fuo) 142|14 | o077| 127 0.77 1222
g 121
(111) 062 062 114|121 | 062| 109 062| 062 1.087
125 15
Expt. 1.32 1.24 132
(100) 142| 092 092 1.69 092| 108 0918 092 1.084
(110) 185 098] 112 0.98 1115
Au [ai) 125 0.79] 1.25] 0.79 148 0.79] 0.89 079579 | 125| 0886
125
Expt. 154 15 154
(100) 1.79 1.75]23 | 137] 166 137 1.659
. 197
(L10):<1-10> 235 186[25 | 149| 167 149 167
Pd |@10)<001> 235 27
(112) 1.99 157| 164] 122 138 122 1381
Expt. 2 2 2
(100) 251| 164 164 2.83 165] 217 165 164 2.167
(110)-<1-10> 275 297 175| 213 175 2131
(110):<001> 275
Pt (111) 22| 144 219 144 251 144| 166 T44[1 40 | 22| 1656
2.2
Expt. 249 249 25
(100) 0.424
pp w0 0.431
(111) 05 0.366
06
(100) 2.867] 3.74 295 291
| (110) 2911 319 3.06
r (111) 2783] 326 259 284
Expt. 3

[0]:GEAM [27]a:first-principles [27]b:semi-emperical [28]a:first-principles
[28]b:EAM [28]c:Expt. [29]a:TB [29]b:LDA [29]c:EAM [29]d:MEAM
[29]e:Expt.  [30]:EAM, Expt [32]:EAM [33]LEED [34]:MEAM
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Table 3-5 Surface energies of bcc and hcp metals

Element |surface v[3/m?]
[01 [[271a [[271b |[28]a [[28]b |[281c [[29]a |[291b][29]c |[291d |[291e |[311 |[121 |[301 |[321 [[33] |[341
bce
(100) 2.289
(110) 1566
Fe |aw 172
Expt. 2.36
(100) 2.1 21| 212] 352 228 212 2122
(110)<1-10> 183 1829| 304| 3.14| 213| 193 193
(110):<001> 1.83
Mo |aiy 2.84 1.86 1.861
(310):<130> 2.07 207
(310):<001> 207
Expt. 2.9 2.9
(100) 2.328 3 199] 3.29 3.292
(110) 1.98] 205 18] 217 2173
Ta (111) 3.14 231 2.305
(310) 2512
Expt. 278 278
(100) 2924 67| 554] 281] 265 6 2.646
(110) 2575 43 26| 223 2232
W Jaw 6.75 2.25 2.247
(310) 3.036
Expt. 2.99 2.99
(100) 2.201
Cr [wo 1.979
(111) 2501
2.86
(100) 2.641 237|131 | 197| 202
236
Nb (110) 2.276 154]29 | 181] 187
(111) 2918 244 2.02
Expt. 2.3
hcp
Co
Zr
Ti
Mg
Ru (1000) 3731
Hf (1000) 1.386
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Table 3-6 Surface stresses of fcc metals

Elment |surface [3/m?] Elmen| ygb[J/m’]
01 [271a {12710 J1271c |1281a |[281b |[281d d[281d 4 [28]e [[32] [[33] 351 |12
fcc
(100) 1.38 1.38
(110)
Cu [ 0.86 0.86 Cu
063
Expt.
(100) 127 1.27
(110)
Ni @1y 043 043 Ni
0.87
Expt.
(100)
(110):<1-10> 1.99
(110):<001> 184
Al (111) 16 1.25 Al
232
1.25
144 1.25
Expt.
(100) 28| 064 0.82 0.82
(110)
Ag (111) 0.64 0.64 0.64 Ag
1415
142 +-0.3 056| 047
Expt.
(100) 456] 179 179 1.79
(110)
(111) 277] 151 277] 151 151 | 277
Au 277 Au
118 1175
154 +-0.2
Expt.
(100) 3.86] 094
(110):<1-10> 274] 0386
(110):<001> 1.86] 047
Pd (111) 0.93 Pd
Expt.
(100) 81| 269 269 269
(110):<1-10> 5.08 286
(110):<001> 1.81 561
Pt (111) 628 | 286 2.86 561 Pt
56 56
2574
257 +-04
Expt.
(100)
(110)
Pb (111) 0.82 Pb
(100) 1198] 101
Ir (110) 2.862 Ir
(111) 1636] 53
Expt.
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Table 3-7 Surface stresses of bcc and hcp metals

Elmen|surfac [3/m?] Elmen] ygb[J/m?]
0] |1271a |[1271b |1271c |[28]a |[281b |[281d.fxx |[28]d.fyy |[28]e |[321 [[33] 1351 |[121
bcc
(100)
(110)
Fe |aw Fe
0.86
Expt.
(100) 2.24 2.241
el Tan
Mo [1) | 1.184 Mo
(310):<130> 2.25 2247
(310)<001> 118
Expt.
(100) 3.249
(110) 2535 0.392
Ta (111) 1.647 Ta
(310) 3.085
0.9
Expt.
(100) 3.032
(110) 2385 0271 W
W |a1y 1.45
(310) 2.833
Expt.
100) | 1.813
Cr |@10) | 0.256 Cr
111) | 0.026
(100) | 3.399
(110) | 1.932
Nb (111) | 0.864 Nb
Expt. 0.76
hcp
Co Co 0.65
Zr Zr
Ti Ti
Mg Mg
Ru  |(1000) 0.455 Ru
Hf  |(1000)| 2.166 Hf
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3.2.2

Table3-8
X,y
Table 3-8 Interface energies
E v(J/m2) f(3/m2) £x(%) |Ey(%)
cu-n Jrec-tec 004082 008800 4g0] 040
Cu-Pb[foe-foc 050762 294684 50— Sg0] 1300
Cu-Fe [fec-bec 040595 032891 Sl 1351
Cu-Te [foc-bec 041287 080832 073 0242
Cu-Mo [fec-bec ogseL: L0848 0 30 o126
Co-Co [fco-hep | o077all  -07aggs U =003 0B
Cu-Co [fcc-hep 0.05189 062197 |80 0 ge0
po-huc-fec 048600 019044 T 0195 0123
fee-fec (100)
fce-bee fcc (111) bcc (110)
fcc-hep fcc (111) hcp (1000)
2 3 Cu-Co
Co ABAB... Cu ABCABC...
(A A B B )

...ABAB-AB'CABC'...
...ABAB-AC'B'ACB'...
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3.2.3

3.2.1
3.2.3 1
Floro [5]
oy = f+9(1_iJ @3 14
A r r,
f g A (
) o (“locked-down” )
)
Si g f
A=1
rLD rLD
-1 GPa]
[36]
rLD
o Fig.3.5 3.20
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Fig. 3-5 Compressive intrinsic stress - film thickness diagram for Cu
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Fig. 3-6 Compressive intrinsic stress - film thickness diagram for Ni
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Fig. 3-7 Compressive intrinsic stress - film thickness diagram for Al
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Fig. 3-8 Compressive intrinsic stress - film thickness diagram for Ag
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Fig. 3-9 Compressive intrinsic stress - film thickness diagram for Au
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Fig. 3-10 Compressive intrinsic stress - film thickness diagram for Pd
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Fig. 3-11 Compressive intrinsic stress - film thickness diagram for Pt
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Fig. 3-12 Compressive intrinsic stress - film thickness diagram for Pb
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Fig. 3-13 Compressive intrinsic stress - film thickness diagram for Fe
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Fig. 3-14 Compressive intrinsic stress - film thickness diagram for Mo
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Fig. 3-15 Compressive intrinsic stress - film thickness diagram for Ta
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Fig. 3-16 Compressive intrinsic stress - film thickness diagram for W
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Fig. 3-17 Compressive intrinsic stress - film thickness diagram for Co
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Fig. 3-18 Compressive intrinsic stress - film thickness diagram for Zr
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Fig. 3-19 Compressive intrinsic stress - film thickness diagram for Ti
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Fig. 3-20 Compressive intrinsic stress - film thickness diagram for Mg
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3.2.3 2

Nix [37]

r
E v
Seel [38]

Ay,r,  (3.15)

Freund [11]

Ay,r, (3. 15)
N =2

Av.Cy

(3. 15)

O-zip
S
(1 - V)rl
A7 = 27/5 — Vg
- _eAr
zip r|
q 1 10
Cu
O 4ip Ay
E “[2nEj
N
N =3
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A =082 A, =044,A,=4,C, :%,CZ zé,Cs =1
Table3-6, 7 Hoffman[39]
5
275 _7gb zgygb
Vs E
C, -C
:ﬁ{css(cn +C1z)_2C123} (3. 18)
[40] Table 3-9

Table 3-9 Elastic constants, Poisson ratio and Young’'s modulus[41]

Element |C.,[GPal[C,,[GPa]|CslGPa]|CxlGPa][CalGPal[v E[GPa]

Ta 262 156 156 262] 826 0.339] 14556
Mo 459 168 168 459 111]  0.298] 368.97
W 517 203 203 517 157] 0.282] 402,53
Fe 230 135 135 230 117] 0.290] 130.14
Ni 247 153 153 247 122] 0.304] 129.96
Pd 224 173 173 224 716] 0385 7322
Pt 347 251 251 347 765 0.396] 136.29
Cu 169 122 122 169] 753 0.346] 66.70
Ag 123 92 92 123 453] 0369] 44.27
Au 190 161 161 190] 423 0.423] 4230
Al 108 62 62 108] 283 0.349] 62.78
Pb 484] 414  414]  484]  148] 0409 10.23
Mg 593 257 214 615 164] 0289 4543
Ti 160 90 66 181] 465 0.318] 10395
Zr 144 74 67 166] 334 0.332]  98.10
Co 295 159 111 335 71]  0.320] 200.37

(o2

zip
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(3.17), (3. 16), (3, 15) model
A B, C
model A N model B q

Cu
10 N=1

[EEN
!
L
r
1
-
4
/I
1
3
o
g
o

Stress ozip [GPa]
o
=
|_\
/ ’
[EXY
o
o
|_\
(@]
o
o

0.01

Film Thickness r [ ]

Fig. 3-21 Tensile intrinsic stress - film thickness diagram in model Aand C
for Cu
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Fig. 3-22 Tensile intrinsic stress - film thickness diagram in model B for Cu
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Fig. 3-23 Tensile intrinsic stress - film thickness diagram in model Aand C
for Ni
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Fig. 3-24 Tensile intrinsic stress - film thickness diagram in model B for Ni
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Fig. 3-25 Tensile intrinsic stress - film thickness diagram in model Aand C
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Fig. 3-26 Tensile intrinsic stress - film thickness diagram in model B for Al
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Fig. 3-27 Tensile intrinsic stress - film thickness diagram in model Aand C
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Fig. 3-28 Tensile intrinsic stress - film thickness diagram in model B for Ag
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Fig. 3-29 Tensile intrinsic stress - film thickness diagram in model Aand C
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Fig. 3-30 Tensile intrinsic stress - film thickness diagram in model B for Au
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Fig. 3-32 Tensile intrinsic stress - film thickness diagram in model B for Pd
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Fig. 3-34 Tensile intrinsic stress - film thickness diagram in model B for Pt
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Fig. 3-36 Tensile intrinsic stress - film thickness diagram in model B for Pb
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Fig. 3-37 Tensile intrinsic stress - film thickness diagram in model Aand C
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Fig. 3-38 Tensile intrinsic stress - film thickness diagram in model B for Fe
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Fig. 3-39 Tensile intrinsic stress - film thickness diagram in model Aand C
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Fig. 3-40 Tensile intrinsic stress - film thickness diagram in model B for Mo
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Fig. 3-42 Tensile intrinsic stress - film thickness diagram in model B for Ta
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Fig. 3-43 Tensile intrinsic stress - film thickness diagram in model Aand C
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Fig. 3-44 Tensile intrinsic stress - film thickness diagram in model B for W
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Fig. 3-45 Tensile intrinsic stress - film thickness diagram in model Aand C
for Co

10

0.1

Stress ozip [GPa]

0.01

Film Thicknessr [ ]

Fig. 3-46 Tensile intrinsic stress - film thickness diagram in model B for Co
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Fig. 3-47 Tensile intrinsic stress - film thickness diagram in model Aand C
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Fig. 3-48 Tensile intrinsic stress - film thickness diagram in model B for Zr
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Fig. 3-50 Tensile intrinsic stress - film thickness diagram in model B for Ti
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Fig. 3-51 Tensile intrinsic stress - film thickness diagram in model Aand C
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Fig. 3-54 StressThickness - film thickness diagram for Cu
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Fig. 3-55 Intrinsic stress - film thickness diagram for Ni
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Fig. 3-56 StressThickness - film thickness diagram for Ni
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Fig. 3-60 StressThickness - film thickness diagram for Ag
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Fig. 3-61 Intrinsic stress - film thickness diagram for Au
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Fig. 3-62 StressThickness - film thickness diagram for Au
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Fig. 3-64 StressThickness - film thickness diagram for Pd
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Fig. 3-65 Intrinsic stress - film thickness diagram for Pt
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Fig. 3-66 StressThickness - film thickness diagram for Pt
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Fig. 3-68 StressThickness - film thickness diagram for Pb
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Fig. 3-69 Intrinsic stress - film thickness diagram for Fe
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Fig. 3-70 StressThickness - film thickness diagram for Fe
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Fig. 3-72 StressThickness - film thickness diagram for Mo
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Fig. 3-73 Intrinsic stress - film thickness diagram for Ta
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Fig. 3-74 StressThickness - film thickness diagram for Ta

No=50[ ] =100 ] q=5 (model B)
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Fig. 3-78 StressThickness - film thickness diagram for Co
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Fig. 3-84 StressThickness - film thickness diagram for Mg
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3.3

Floro [5] Table 3-10
Table 3-10 Observed stresses during VW growth
Mximum tensile |Maximum compressive
Material _|stress [GPa] stress [GPa]
Ag 0.19 -0.06
Al 0.12 -0.13
Ti 1.8 -0.20
Ag Al Ti
Table 3-11
Table 3-11 Calculated stresses by molecular dynamics
Mximum tensile [Maximum compressive
Material  [stress [GPa] stress [GPa]
Ag 0.04 -0.08
Al 0.03 -0.24
Ti 0.01 -0.09
Ti
Ti fitting
Seel [12] Fig 3-83 Ag
0.07[GPa] —0.02[GPa]
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Fig 3-86 StressThickness - film thickness diagram and Intrinsic stress -

film thickness diagram for Ag
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Fig 3-88 Intrinsic stress - film thickness diagram and StressThickness -
film thickness diagram for Cu
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