oboobobobobobuobouobouoooa
Joogobooboboobouobogobouoogo

20040 120

googd



HRN

010
1.1

1.2

020
2.1

2.2
2.3

2.4

g

112 0000000000000 ..t e e
113 0000000000000 00007 « .t
114 0000000000000 0000000000000000

115 0000000000000000000000. .+ v eeveeennnn.
I

2.1.2 OO0OODO0O0 ..
2.1.3 Book-Keepin@d OO OO OO0 ...t
2.0 4 OO OO0 .t e e e e e e e e e
2. 0.5 OO OO e e e
000000000000 ... e et e
DO000000000000000 ] ..t e e e e e e e e e e e e e e e
231 O0O0O00000 . .. e e e e
232 0000000000000 o e e e
2.3.3 OO OO0 ottt e e e e e e e e e e e
234 O0O0OO00O) o .. e e
235 00000000000 ...t e e e
2.3.6 OO0 OO0 o e e e e e e e e e e e
2.3.7 OO0 O0 ottt e e e e e e e e



030 000000000ooooooooogoood

3.1
3.2

3.3

3.4

040
4.1
4.2

4.3

4.4

gboogooogoogooogoogon

UO0O00000O0O0O0D0 o e e

3.2.1
3.2.2
3.2.3
3.24
3.2.5

N
I

goooooooooooooooog
I P

3.3.1

I

googooggoodgon

UO0O000000000 0 o e

4.2.1
4.2.2
4.2.3
4.2.4
4.2.5

I
U000000000000 0 .o e
U000000000000 ot e e e

ubobogooggouodgoogoogd

I P

4.3.1
4.3.2
4.3.3
4.3.4

41
41

43
43
46
a7
51
53

58
58
60
63
65



U50 0boogoooooooooooooooogoognog 87
£ 00 I 87
£ 2 88

521 a-Sc-SiOOO00000 e e 88
522 a-Sc-Si000000fddfionoOOn ..., 90
£ TR N 93
5.3.1 OOOOOOOOO ...t e e 93
532 OO0O0O000000OO00O00 ..t e 93
533 000000000 00000000 o 96
54 ODO00000000000000000! « et 97
541 OO0000000O0OO00O0O0OOO000000000.......... 97
9.4.2 OO OO e e e e 98
543 000000000 ... e 101
544 OO0O0O000000O0O0000 ... e e 103
545 000000000000 000O0000O00! .. ..., 106
546 0000000000000 0000O000 ..., 106
£SO P 108

oed O0O0Odd 109
LG 0 I P 109
6.2 [ L0 . 111

6.21 ODO0000000O00O000000000000..+.....voevo.... 111
6.22 OOOOOOODO . .o e e 114

oo A 117

Al 00000000000 VASPOOOOOOOODO! ..., 117
All OO00OOOOO0O0 .. e e e e e e 117

A1.2 VASPO OO O e e e e 120
gogg 124
gogg 136

0od 140



HREEN

1.1

1.2

1.3

1.4

1.5

1.6

1.7

2.1
2.2
2.3

2.4

2.5
2.6

3.1

3.2

3.3

lllustration of the Volmer-Weber growth mode. (a) Before island coalescence. (b)
Afterisland coalesCence.. . .. ...ttt 12
[llustration of the principle of the cantilever bending method. (a)Before deposition
(b) after deposition.. . . . ... ... e 14
Free energy diagram of amorphous and liquid silicon with respect to crystal silicon
P 16
Atomistic representations of intrinsic defects in a-Si. (a) threefold-coordinated
atom (b) fourfold-coordinated atom (c) fivefold-coordinated atom........... 18
Polk’s original hand-built model for amorphous silicon. (Fig. 1 of [2].)....... 19
A schematic illustration of spacial and temporal scales achievable by various simu-
lation approaches. DFT, density functional theory; TBMD, tight-binding molecular
dynamics; CMD, classic moleculardynamics........................... 20
Flowchartofthethesis. . ........ ... . i 23
Atomic configuration of diamond structure. . .. ......... ... ..o oL 25
Schematic diagram of periodic boundary condition. . . ................... 28
Schematic diagram of (left) book-keeping method and (right) domain decomposi-
ONMEtNOO0. . . ... 29
Definition of unit cell vector.. . . . .. .. ... 30
Schematic illustration of surfacemadel . ................ ... .. ... ..... 36
Schematic illustration of interface model . . ............ ... ... .......... 40
Schematic illustration of the strategy to survay a well-relaxed configuration on an
energy landscape. . . .. ... 42
Time evolution of energy variation of the amorphous silicon annealed at various
annealing temperatures. . . ... ..t e 44
Bond switchingmechanism. . .. ......... .. ... . . . 45



3.4 lllustration of various structural parameters. (a) Bond angle (b) coordination num-

berand (c)ring statistics.. . . .......... ... . . . 47
3.5 Atomic configuration ofunrelaxedmodel. ... ........... ... ... ... ... .... 48
3.6 Atomic configuration of well-relaxed model . . . .......... ... ... .. ... ... 48
3.7 Atomic configuration of CRN(T3)model. . ........ ... .. ... ... ........ 49

3.8 Radial distribution functiog(r) of the well-relaxed amorphous silicon and the CRN
STTUCTUIE. .« . ettt e e e e e e e e e e e e e e e e 49
3.9 Snapshot of the a/85i interface model to estimate a melting point of 2-Si.. .. 54
3.10 (top) Potential energy and (bottom) density of well-relaxed a-Si as a function of
(0] AT 0 L] = L [P 56
3.11 (top) The concentration of coordinated defects in well-relaxed a-Si as a function of
temperature. (bottom) Arrhenius plot of théfdsion constanD of well-relaxed a-Si.57
3.12 Snapshot of atomic configurations employed in the CMD-DFT calculation. .. 58
3.13 Flowchart of CMD-DFET SChemie.. . .. .. ... e 59
3.14 Radial distribution functiog(r) of a-Si obtained from the CMD-DFT scheme. Dot-
ted line shows a result of CMD calculation.. . ........................... 60
3.15 (left) Local geometries and (right) corresponding contour plots of the valence elec-
tronic charge density on a plane defined by three atoms (A, B, C). The contour plots
are drawn in the same manner as shown in Fig. 5. (a) Threefold and (b) fourfold

coordinated defects in the well-relaxed bulk é-Si. . . .................. ... 64

4.1 Time evolution of energy variation of the amorphous silicon surface annealed at
various annealing temperatures.. . . .. ...t e 68
4.2 (left)Top view of the unrealxed amorphous surface. (right) Top view of the|well-
relaxed amorphous surfaCe. . ... e 69
4.3 (left)Side view of the unrealxed amorphous surface. (right) Side view of the well-
relaxed amorphous surface. . . ... 69
4.4 Distribution of atomic local elastic constants along the z-direction. (100)siir:
facemodel. . . ... ... 73
4.5 Distribution of atomic local elastic constants along the z-direction. (100)s2r+
face model. . . ... ... 73
4.6 Distribution of atomic local elastic constants along the z-direction. Unrelaxed

amorphous surfacemodel. . ......... ... .. . . 74



4.7 Distribution of atomic local elastic constants along the z-direction. Well-relaxed
amorphous surfacemodel. . . ... ... ... 74
4.8 Surface streskof (100) 1x1 crystal surface as a function of film thickndss. ... 76
4.9 Surface elastic constartg of (100) 1x1 crystal surface as a function of film thick-
MBSO . o o 76
4.10 Deviations of in-plane compliance modulus as a function of film thickness. .. 77
4.11 Side view of an unitcell employed in the DFT calculation. Threefold, fourfold and
fivefold coordinated atoms are shown as black, open and gray circles, respectiveyy.
4.12 Flowchart of the CMD-DFT scheme for surface calculation.. . ............. 79
4.13 Bond angle distributiorg(#) of (a) threefold, (b) fourfold and (c) fivefold coordi-
nated atoms located in the surface region. Solid line: CMD-DFT scheme, dotted
line: CMD calculation. . . . ... .. e 82
4.14 Distribution functiorg(fave) Of averaged bond angt,. defined for threefold co-
ordinated atoms in the surface region. Solid line, CMD-DFT scheme; dotted line,
CMD calculation.. . . . ... 83
4.15 Typical snapshot of the a-Si surface containing two characteristic threefold coordi-
nated atoms (P1 atom) with’-like bonding and (P2 atom) witap’-like bonding
(bottom). Local geometries of (middle: left) the P1 and (middle: right) P2 atoms.
Corresponding contour plots of the valence electronic charge density on a plane,
which is perpendicular to the surface and contains both A and B atoms, are| shown
(top). For reference purpose, in both contour plots, the contour lines where the

density has the same value are drawn by dotted and thick solid lines, respectiveb

5.1 Snapshots of a-8tSi (001) interface model annealed at 1600 K. ........... 89
5.2 Snapshots of a-8tSi (111) interface model annealed at 1600 K. ........... 89
5.3 Cross sectional view of the a#5iSi (001) model after assignment of the atoms to
the interface region. . . ... . 92
5.4 Cross sectional view of the a/&Si(111) model after assignment of the atoms to
the Interface region. . ... ... e e 92
5.5 Averaged value of order parameters of each redtofiop) is the potential energy
per atomAd (bottom) is the RMS deviation of the bond angle.............. 94
5.6 Time history of interface energy (solid line) and interface stress (dotted lirie) for

a-Syc-Si (001) well-relaxed interface... .. ... o i 96



5.7 Distributions of the potential energy of the amorphous and crystal structures at 1700

5.8 Distributions of the bond-angle deviation of the amorphous and crystal structures
At 1700 K. . o 99
5.9 Aschematicsofcrystalgrain............... ... . . . i 100
5.10 Time histories of potential energy, pressure (top), and number of crystal atoms (bot-
O L 101
5.11 Snapshots of the homogeneous nucleation process in amorphous silicon. Only crys-
tal atoms and bonds associated with the crystal and interface atoms lappear.. 102
5.12 Time histories of order parameters in the nucleation region and non-nucleation re-
gion: (a) potential energy per atoi, (b) bond-angle deviatiomd, (c) the number
of six-membered rings per atomRs. . . . . ... 103
5.13 Snapshots of the nucleation region. Only crystal atoms and bonds associated with
the crystal and interface atoms appear. . . ........... .. ..., 105
5.14 Snapshots of the homogeneous nucleation process in amorphous silicon (Large cell

model: 10624 atoms). Only crystal atoms and bonds associated with the crystal and

interface atoms appear. . . . ... 107
6.1 Compressive stress generated by surface stress.. . ............... ... .. 112
6.2 Tensile stress generated by island coalescence mechanism. ............. 112

6.3 Evaluation of one dimensional intrinsic stress induced in amorphous silicon thih¥Bm.

6.4 (a)lllustration of a MIFEM handshake region. (b)A cross sectional view of an

Initial configuration of MDFEM hybrid simulation.. . ...................... 115
6.5 Multiscale modeling island coalescence. . .. ... 116
A.1 Sample POSCAR file for Sidiamond lattice. .. ......................... 121
A.2 The KPOINTS file for structural optimization calc.(Left: Bulk system, Right. 'Sur-

face SyStem).. . ... 121
A.3 The INCAR file for structural optimization calc.(Bulk system). ............. 122
A.4 The INCAR file for structural optimization calc.(Surface system)............ 122
A.5 The INCAR file for ab-initio MD calc. (Bulk system)...................... 123

A.6 The INCAR file for ab-initio MD calc. (Surface system). .................. 123



HREEN

1.1

2.1
2.2

3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1

4.2
4.3

4.4

4.5

4.6

Intrinsic defect models in a-Si currently proposed by various experimental and the-

oretical works. (The data is mainly taken from Table. 3.2 of Ref.|[3].) . ... ... 18
Potential parameters of the T2and T3model.. . .. ......... .. ... ........ 27
Non dimensional parameter of the silicon.. . ........................... 32
Structural parameters of various modelsofa-Si.. .................... ... 50
Ring statistics (ringatom) of various modelsofa-Si. . .................... 50
Elastic constants of various models of a-SiatOK (inGPa). . .............. 52
Bulk elastic constants;; of well-relaxed amorphous silicon (GPRa). .. ........ 52

Structural parameters of the MQ amorphous silicon annealed at various temperafures.
Melting temperature of a-3p and c-SiT¢ (K) ... ... ..o 54

Structural parameterofa-Si.. ... ... 62

The ratio of the coordination number within 5.0 nm from the surface. The standard
deviation of amorphous results is inthe range of 0t02%................. 70
Ring statistics of various modelsofa-Si. . .. ............ ... ... ... .. .... 70
Surface energy (Jm?) and surface stress(N/m) of the surface of crystal silicon
and amorphous silicon, whose evaluation area is 7.2 fine x-direction of the

2x1 surface model corresponds to the dimer-bonding direction.. . . ......... 71
Surface elastic constartig (N/m) of the surface of crystal silicon and amorphous
SHICON .« . 71
Surface energy (Jm?) and surface stress(N/m) of a-Si. The experimental and
theoretical data for (001) crystal surfaces are also shown for comparison.afiue

y directions run along the dimer bond and the rows of dimers, respectively. .. 80
Coordination statistic€,, (%) and ring statistic&, (ringgatom) of a-Si surface.

The results of bulk model are also shown for comparison. . ............... 81



10

5.1

Interface energy (@) and interface stress (M) of a-Sjc-Si (001) and a-%-Si



10 004

1.1 0DO0OO

111 DO00OO0O0O0OO0oOOooOooboOobobooog
googoon

gooooooooooooooooooboooooooobooooooooooo
oo oo ooobooooooon
000000 00o0ooooo0o0ooooooooooooooooon [4ooooooon
0oo0ooooooooooooooooobooooooooooooooooonon
oo oo uooooboooooon
0o0o00ooooboooodoooooooboooooobooooooooooooooon
gooooooooooooooooooooboooooooooooooooooon
0o0o0o0ooooooooo0oooooooooooboooooooooooooooo
0o0o0odooooooooooboooooob oo ooooobooooooon
gooooooooooooooboooo

0000000000000 0000DO00DOOo0obOO0o0oDOobOo0oOooogooDoerner
OBlOKoech[6lOODODOOOODODDODODOOODOOOOOOOOOOOOOOOOOO
gobooooooooooooooooobooooobooooooooooooon
00000000 0ooboDo0oobooooooooooooooooooooooo [roo
0o0o0oooooooooooooooooobooooooooooooooooonon
gobooooobooooooboooooboooooobouoooooooooon

0000000000000 0000000 Volmer-Webeld OOOOO VWODOODOO
00000000000 0d0odoodDOdoOdFerod 00 0DO0O0OOOOOODOOOO
ooodoooooovwiooooooooDooooooooooooodin-sivoooon
OO0 [@BOoOoo000oooo000oooooooooooooooooooooooon
0000000000000 00000000000 Cammaratal 9]0 00000000
0000000000000 0000000000D0Odd Capillary-induced growth streS9]

11



01000 12

gbobooboooobooooooooooooooooobooboobobobobobon
gbooobooboobovwiooobobobooboboboboboboboboboboboo
gbobobooboboooooooooooooooooobooboobobobobobon
goboobooboobboobooboobobooboobobooboobooonDobo
gboboobooboobboobuooboboobobooboobboobooboaobobo
goboboboboboboboboboboboboboboobOobobobOoboo
O [10-12p00oo0co000oo0o0oooo0ooooooooooooooooooo
gboboobooboobboobuooboboobobooboobboobooboaobobo
gboooboboooboboooobooooobobooboooobobooobooboooDoo
0000000000000 00oo0o0ooUooO 13, 14000000 [15,16)00000
gboboobooobboobooboo

(a) (b) grain boundary

island

substrate E——)

growth

Fig. 1.1lllustration of the Volmer-Weber growth mode. (a) Before island coalescence. (b) After

island coalescence.

gbobooobooboobooooooooooooooooooooobooooooooonDo
gobooboobobobobobobboboobobobobobobUobobOobOoboo
gbobobobobobobobbobobobobobobobobobobOoboo
gbobooboooobooooooooooooooooobooboobobobobobon
gboboboobooboooooooboooooooooooooooboobooboooboobooD
gbobobooboboooooooooooooooooobooboobobobobobon
goboboobooboobobooboboboobobobobobUobUobobobUoboo
oon



01000 13

112 DO0O0OOO0OOOODOOO

0000000000000000000000000000000000000000
00000000000000 Gibbs[17]0000000000000000000000
000000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000000000000000000000000
00000000000000000000000 (18000000 (1900000000
0[20000000000000000000000000% 0000000000000
000000000000O0000IBMOOOOOOO0O0OO0O0O00000O0000000
0 [2500000000000000000000000000000000000000
0D00000000000102 mol000000000000000000000000
0000 2600000000000 Bashird [27]0 1 nmy5x105ApHO 0000 pHO O
0000000000000 FizO [28/00000000000DNACOOOODOOOO
00000000000000000000000000000000000000000
ooooo

113 DO0OO0O00OOooOOoboboooobogo

O000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000 [29000000000000000000
00000000000000000000 [240000MartinezDDDOO0O0O0OO0OOO
00000000000000000000000000000000000000000
0000000o0o0o0o0Si(111) (k7)) 0000000000 [30]0000Si(001) (1) 0 O
000000000000000000000000000000000 [31-340 RuddO
shulD 0000000000000 0000000000000000000000000
00 (111)AgNi [35]0 (111)AgCul0 0 [36)]0 000000000 -2.3Nm,-0.21 NmO O
0oooooéo
00000000000000000000000000000000000000000
000000000000000000000000000000000 StreitzO [37,38]
00000000000fec00000000000000000GumbschI [39]0 fecO

D000000000000000000 [R1-24]100000
0000000000000 00O0O0O0O0O0O0OOoOoOoOoOooaog



01000 14

@ 9 (b)
:lll -,

Fig. 1.2lllustration of the principle of the cantilever bending method. (a)Before deposition (b) after

deposition.

0D00000000000000,0000000000000000000000000
0000 RuddO Shulld [35,36]00000000000000000000000000
Clemens [400 0 0000000000000000000000 NeedsJ [41]0000 0
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000 smoothing ec [42—440 000000000000 O0dOOOOOOOO0O0O
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000000
00000000000 0000Balamandl [45]0 0000000 00O Si(001), Si(011),
Si(111)00000000000000000000000000000000000000
000000000000000000000Si(111)00000000000000000
0000000000000000000000OMeaded [46]000000000 Si(111)
00000000000000000000000000000000000000000
0000000000000000000Si(001)x100000000000000 300
00000000000000000000000000000000000000000
00000000000000000000Miyamoto[47]000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000



01000 15

goboobooboobboobuooboooboobooboboobooboonDbo
gboboobooboobboobooobooonoon

114 J00OOO0obOOooOboOoooOoboooboobooboobooo
goooooon

ubboobooboobboobuoobobobbooboobbooboobooonon
gboobobobobobobobobobobobobobOobobOobOobOoOoboOoon
gboboobooboobboobooboobobooboobboooboobooonDobo
ugbboobooboobboobuooboobobooboobboobooboaobobo
0000000000000 0000000 d8uO0p00ooooooOoooOoOoooO
gobooboooboboboooobbobooobobobooobbboooobooboooooo
000000000000 O00D0OOCShort Range Ordering: SROO OO OOOOOOO
goobob srROOObOOOObObOObbOOOUDbOOOUObODObODUObOObDODODO

gboobobobobobobo

OD000000000D0a-SOO00000000D00000000D000O0O0oOong
OO00OOTFTOthinfimtransistod OO0 0000000000000 00O0O00OO0OOO0OOOO
0000000 a-Si0O0D0OO00OD0OO00ODOOODODOODOOODOODODOOOOOOOOOOn
oo ooooooooooboboooooooo000oooooooo
000000000 0O0OUo @O0 a-SIDO00000D0O0OO0O0OOTurnbullCOOODOO
00o0doooodoon 49o[bb0dba-Si0O0000O0OD0O0Oa-SIOO I-SOOO0O0O0O00OO
dodddddoooooooooooooooooooa a-SiDDDDDDD3DD0novan[1]
0000000 ODSA Differential Scanning Calorimeten D D 0000000000000
O0000oO0oooDoooodeSid,aSid,-SSiID0O000O0O0O0OO0OO0OOOOOO0O
00000130000 0000000000000000 000000 well-relaxed state O
00000000000 bDOoDoo0ooooooooon 0119 0.7kdmolO DO DO ODOO
OD00Oa-Si000 TyqOc-SiODO0O TgO1l680KO O OODOOOOODO 1420KO0 00000
000000000000 0000000000dwell-relaxedd 000 0O O O unrelaxed]
D00 aSIDOO00O00O0O 140KOO 1280KOOOOOOOOOODOODO

Roordal [51,52]0 00 0000X0000000000000O0O0O0O0O0Oa-Si0O0O0
doooooooooooooooooooooooooooooooooooooooon

%-Si00000000000000000 [50]0




01000 16

000000000000 000000000000000000000O00 unrelaxed state
do0oOOo0obOooooosoo-800KOOODOOOooOoooDOOoobOOooooooobooooa
0000000000000 00000a-SID000000000000000O0O000000O
a-SiDOd0d000structuralrelaxation O 0000000000000 OO0O0ODOOCOOOOO
0o000ddo0o0oOoobOobooobOooooo sSROObOOODOOOOooobOOooooOooo
0000000 1.35220eV0000000% 000000000000 00well-relaxed
state ] D0 0000000000000 0O0O0O0O0O0O0O0O0O00O0O0O0

0.2 T T T | “ T T T T T T T
= i N |
% I ., liquid 1
S -__unrelaxed a-Si ™, .
E)/ B .\\'\\ \\ 1
- *\\ ‘ -
Q L ~\\. Y n
0 | ik _
q ?§§§§\\ : \\ \.\\~ T
0.1f \\\\ ‘\ \\. =
Q S ' \\-
e well-relaxed a-Si T~~~y |

Qo YOS

S - . ~ -
g | T~
'.5 L \‘ .
> B \\ .
5 | R .
@ - : : s, -
S | crystal ; 5 | 1

D) 0 , , A

I8 u w ‘
LL i Tal Tal Tcl‘\ ]

! ! ! | ! ! ! ! ! ! A
1000 1500

Temperature (K)

Fig. 1.3Free energy diagram of amorphous and liquid silicon with respect to crystal silicon [1].

4a-Sid ¢-SI00 000000000000 Solid Phace Epitaxy Growth: SPEE 00000000 2.7 eV [53]
0000000000ooooooo a-Sfe-SiDO0000000O0OO00ODOOO0OO0OO00ODOOO0ODOOOOO



01000 17

goboobooboooo

00000000000 SROODOODONONONONONONONONONONONOONONONOOOOooooax
000000000000 0OO Radial distribution functionl 0 0 0 [54-56]JRDFO 0 100
0000000000000000000000000 1000002000000000
0000D00D0D0ODLaaziriD [56]00000000000000000OD 3.9000000
000000000000000DBOOOOODDOOOO0OOODDDOOOOOO0onO
0000000000000 D0D0D0D0DD 10degd 000000000000 OOOOOO
0oo

000000000 Raman Spectroscopyd ORDFOOOODOODODOODOOODOOODO
0000000000000 000a-SI00000000000000000000000
000000000000 0000000000000000000D0D0DOODOOO0 [57]0
00000000000000000000000000000000000a-Sino00
O0000O0TA:ODOD 150em000000000TO: 000 480cm0000000O0
O0000000O00OBeemard [58]0 00 TOOOODOOOOOODODODODOOOODOOO
0000000000aSI0O000O0O0O00000000D00000000000000
00000000000000000000000000 [59]0

ESRJ Electron SpinResonance: D 0 000000 0a-SiD00000000O0O0O000
00000000000000ESROOOOOOOOOODOODODODOOOOOOOODO
0000000000000 00000000000000000000000a-Si0o0
DBOOODOOOOL4@O0000000000000000000000000D00D000
0000000000000000000000ESROOO 50000000000000
O0:FBDO14cU000000DD000DDD [60]00002°Si0 0 hyperfined O O
0000000 ESROOODDOOODBOOOONONONOONOONONOOOODOOOODODOD
00 [l0000DBOOOOOOODO sP0000000s?0 pP0000000000
00000000001100000000000 a-SI0000000000O [8)0000
00000000000000000000000000aQ

00000000 a-Si0 SROODODDODODODODDD0O0NON0NONONODONONONONONONNOooO
0aSO300000000000000000000000 RDFOO300000 100
0000000000 000000000000000000000000O RDFOOOO
00000000000000 [620000000000000000000000000
O000000O0ODOORDFOODOOODOOOOOODOOOOOOOOOOOOOODOOO
00000000000000000000000000000000000000000

Sa-Si0 0000000000000 D0DODODODODOO



01000 18

Fig. 1.4 Atomistic representations of intrinsic defects in a-Si. (a) threefold-coordinated atom (b)

fourfold-coordinated atom (c) fivefold-coordinated atom.

Table 1.1Intrinsic defect models in a-Si currently proposed by various experimental and theoretical

works. (The data is mainly taken from Table. 3.2 of Ref. [3].)

Kind of Defect Ref. Remark
threefold-coordinated Si  [54-56] danglind bond: DB (neutral Si atom)

threefold-coordinated Si [63] sp-like bonding (positive charged Si atom)
threefold-coordinated Si [63] p3-like bonding (negative charged Si atom)

fivefold-coordinated Si [60] floating bond: FB
twofold-coordinated Si [63] bandtail state
Si-Si weak interaction [3] one bond has a longer bond length (long bond)

* Bonding of normal fourfold-coordinated atomsg’® orbital
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Table 2.1Potential parameters of the T2 and T3 model.

Si(model2) Si(model3)
A(eV) 3.2647x10° 1.8308x1C°
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A1(A-1) 3.2394 2.4799
(A1) 1.3258 1.7322

0.0 0.0
B 3.367%101 1.099%10°6
n 2.2956<10"0  7.8734<10°t
c 4.8381 1.003910°
d 2.0417 1.621810"
h 0.0000 -5.98261071
A3(A-1)  1.3258 1.7322
R(A) 3.0 2.85
D(A) 0.2 0.15
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Table 2.2Non dimensional parameter of the silicon.
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Fig. 3.2Time evolution of energy variation of the amorphous silicon annealed at various annealing

temperatures.
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Fig. 3.5Atomic configuration of unrelaxed model

Fig. 3.6 Atomic configuration of well-relaxed model
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Fig. 3.7Atomic configuration of CRN(T3) model
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Fig. 3.8Radial distribution functiomgy(r) of the well-relaxed amorphous silicon and the CRN struc-

ture.
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Table 3.1Structural parameters of various models of a-Si.

Type Natom  AEac N3 Ns Ns Nave A8 p/po
(eViatom) (%) (%) (%) (deg)
unrelaxed 1000 0.28 0.3 765 225 424 171 1.012
well-relaxed 1000 0.19 0.1 951 48 4.05 11.7  0.984
CRN(T3) 1000 0.24 01 989 10 4.01 10.7  0.961
Exp. (unrelaxed) - <0188 - - - <379 <108 0.982%
Exp. (well-relaxed) - <0.13F% - - - <390 <9.7® 0983

a¢€ Reference [52]
b Reference [56]
¢f.9 Reference [54]

4h Reference [118]

Table 3.2Ring statistics (ringatom) of various models of a-Si.

Type RR R R R Ry
unrelaxed 0.02 0.14 0.65 096 1.21
well-relaxed 0.00 0.03 0.41 1.02 1.06
CRN(T3) 0O 0.03 046 0.81 0.97
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Table 3.3Elastic constants of various models of a-Si at OK (in GPa).

Type Cu1 Ci2 Cua
unrelaxed 14B+15 641+05 383+05
well-relaxed 1439+14 628+09 406+10
CRN(T3) 131.5 60.3 37.0
c-Si(T3) 142.6 75.4 69.0
a-Si(Exp. at 300K) 156 58.4 48.8
c-Si(Exp. at 300K) 166 64 79

Table 3.4Bulk elastic constant§;; of well-relaxed amorphous silicon (GPa)

Cu Co2 Cua
Born 213.9+5.8 56.0+1.8 78.9+0.8
Relax 72.6t4.7 -8.1+15 40.6+0.5

Total 141.3+15 64.1+05 38.3+0.5

Table 3.5Structural parameters of the MQ amorphous silicon annealed at various temperatures.

AEqc (eV/atom) Nz (%) Na(%) Ns(%) Nae A6 (deg.)

300 K 0.24 0.6 85.8 1.3 412 14.7
1000 K 0.21 0.0 91.2 09 4.09 13.2
1600 K 0.19 0.4 95.3 04 4.04 11.7

2200 K 0.28 0.5 76.2 22 424 17.4
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Table 3.6Melting temperature of a-Siy and ¢c-S

EXxp.
1420 [1]

EDIP
1200 [74]

W

S

T3
1900:50 1060 [76]

2350:50 1691 [99]

Tal

1683
0.84

1520 [74]

Tcl
Tal / Tcl

0.63 0.79

0.81
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Table 3.7Structural parameter of a-Si.

Type Natom AEqc N3 N4 Ns Nave A p/po
(eViatom) (%) (%) (%) (deg)

This work

CMD-DFT well-relaxed 64 0.15 05 970 24 402 102 0.980
CMD well-relaxed 64 0.18 00 944 56 405 11.3 0.988
CMD-DFT unrelaxed 64 0.26 1.3 919 69 406 150 0.987
CMD unrelaxed 64 0.30 06 79.0 20.0 420 169 1.004
CRN-DFT 64 0.15 0 100 0 4 9.7 0.969
FPMD

Stich [67] LDA(MQ) 64 0.28 0.2 966 32 403 155 1.00
Cooper [68] LDA(MQ) 64 47 926 16 396 15.2

Fedders [69] 63 0.2468 11.0
TBMD

Kim [71] 64 32 828 125 428 16.3 1.112
Urbassek [72] TBMD(MQ) 128 0.25 1.6 969 15 4.00-155
Ivashchenko [73] TBMD(MQ) 64 109 813 7.8 3.97 1.013
CMD

Kluge [55] SW(MQ) 216 0 88 12 412 136

Luedtke [76] SW(MQ) 588 05 878 115 412 147 1.009
Justo [77] EDIP(MQ) 1728 0.22 02 944 53 405 140 0.968
Ishimaru [78] Tersfi(MQ) 1000 0.2 928 7.0 407 125 1.000
CRN
Djordjevic [65] www 4096 0.336 0 100 0 4 10.51 1.000
Mousseau [66] WWW 1000 0.264 0 100 0 4 9.20 1.040
Exp.

Donovan [1] well-relaxed 0.119

Roorda [52] unrelaxed 0.154

[52] well-relaxed 0.117

[51] unrelaxed 0.188

[51] well-relaxed 0.137

Fortner [54] unrelaxed 355 108

[54] well-relaxed 390 97
Benfatto [128] 397 96

Laaziri [56] unrelaxed 3.79

[56] well-relaxed 3.88 9.63

Custer [118] unrelaxed 0.982

[118] well-relaxed 0.983




O30 0000o00ooooboo0ooobooobooooo 63

333 UbOooooooogd

oooooooboboobooboooobooboboooooo sbguooboooooooooDboO
000000000000 00000D0000000000000000000002.85A0
gbobogboboobooboobobodboooboobboobuoobboobooabobo
00000 [e7l0000000000D0OOOOO0O00O0 30000000000 DODODOO
O0Fig.31500000 3000000000000 0OOODODOO0OODOOODOOODOO
gbobodgboobobuoaboboobobuoobooboboobboboobuobbooobobo
gobooboooboooo

ADDDD0O000D0DO00000OFIQ.381% b 0O0c-Si0 sPp 0000000000
O000050000000000FIgRAsIcOOOStchO [67]0000C0O00OODODODDO
00000000050000000100000000ACO000OOlongbond0O0O0O
0000000 20000000000000C0CO0O00Oweakbond OOCOCODOODOOFig.
319000 300 0000000000000 0O00D00000Rg.3.150a0 000 CcOO
O0AOD400000000000C00DO00DOOODOOACODOOODOO307NnMuOO0O
OOoDOoOooOoooOoo285nm 0000000 ACOOOOODOOODOODOOOOODn
000 Fig.3.150pb000000000CCO00O0OO0ACOODOOOODORg3.150a000
000000000000 300000000n0



O30 0000o00ooooboo0ooobooobooooo 64

(a) IN=———7¢

@cC

4

0.307 ./
4
4
A _/
0.234 @B
(unit : nm)

Fig. 3.15(left) Local geometries and (right) corresponding contour plots of the valence electronic
charge density on a plane defined by three atoms (A, B, C). The contour plots are drawn in the same
manner as shown in Fig. 5. (a) Threefold and (b) fourfold coordinated defects in the well-relaxed
bulk a-Si.
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Fig. 4.1 Time evolution of energy variation of the amorphous silicon surface annealed at various

annealing temperatures.
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Fig. 4.2(left)Top view of the unrealxed amorphous surface. (right) Top view of the well-relaxed

amorphous surface.
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Fig. 4.3(left)Side view of the unrealxed amorphous surface. (right) Side view of the well-relaxed

amorphous surface.
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Table 4.1The ratio of the coordination number within 5.0 nm from the surface. The standard

deviation of amorphous results is in the range of 0 to 2%

Model N2 N3 Ns  Ns  Nae
c-Si(001) k1 222 0 778 0 356
c-Si(001)x1 0 222 778 0 378

c-Si(bulk) 0 0 100 O 4
a-Si(unrelaxed) 8.8 20.7 659 3.8 3.63
a-Si(well-relaxed) 0 226 748 25 3.79

a-Si(bulk) 0 0.1 96.2 3.7 4.03

Table 4.2Ring statistics of various models of a-Si

Model RR Re R R Ry
c-Si(001)x1 0 0 0 133 O
c-Si(001)X1 0 022 144 0.22

c-Si(bulk) 0O ©O 0 2 0
a-Si(unrelaxed) 0 0.03 0.32 0.69 0.66
a-Si(well-relaxed) 0 0.03 0.40 0.81 0.80
a-Si(bulk) 0O 003 040 1.03 1.03

o

000000000 00000000000DO0000D00ODO0000O0O0D 3000400
DO0oooDooooooOwel-relaxedd OO0 OO0O0O0O0@O)1000000000
ooooDOo4200000well-relaxedc 000 (OO)1O0 0D 0OO0O0OD0OO0O0OOO0COODOOO
O0000o0ODO0ODODOOEO)100000000000000000000000o0ogn
0000d00d0doOd a-SiDO0000D0D0ODO0OO00ODOODOOD0DODODOOOOOoOn
O0a-SiOOOD0OOO0OOO0OO G000 7000000000000 0OODOOOODODOODO
OO0Owell-relaxedd OO0 unrelaxed OO0 00000000000 ODOOOOOOO0OOO

uoooooo
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Table 4.3Surface energy (Jm?) and surface stresk (N/m) of the surface of crystal silicon and
amorphous silicon, whose evaluation area is 7.29.rifme x-direction of the %1 surface model

corresponds to the dimer-bonding direction.

Y f11, f2o
(001) 1x1 2.27 -0.88
(001) 2«1 1.48 0.40,-1.34

a-Si(unrelaxed) 1.620.06 -0.5@-0.19
a-Si(well-relaxed) 1.0¥#0.06 1.380.19

Table 4.4Surface elastic constardg (N/m) of the surface of crystal silicon and amorphous silicon

di1,d22 di2 dyg
(001) 11 8.07 0.28 -3.55
001) %1  -17.84,-0.70  -0.55 -0.40

a-Si(unrelaxed) -1122.3 -5.66x1.77 -2.41+05
a-Si(well-relaxed) -7.184.17 -4.93+0.42 -1.19%+2.72

423 00O0OOOOOO

020000000000000000000000000000000000000 4.3
0 (001)c-Si0 a-SiID00 0000 y00000 f = (fe+ fyy)/20000¢-Si(100)x10 f 0O
10000000000 f,0000000000000000440000000 d(N/m)
0000aSI00000000O0 75nf0 3000000000000

(001)D000000000000000000227)/m00 1.48)/mPO0000000
000000-0.8N/mO00O0O0000000-050N/M(f = (fx+fyy)/2)000000000
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00000000000000000000000000000000000000000
00000000aSI0000000O0000O0000) 0000000000 0N0NONno
0000000000000 00000000000aSI000000000000000
0000000000000000000000000000a-Si00000000000
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Fig. 4.11Side view of an unitcell employed in the DFT calculation. Threefold, fourfold and fivefold

coordinated atoms are shown as black, open and gray circles, respectively.
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Fig. 4.12Flowchart of the CMD-DFT scheme for surface calculation.
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0450 a-SiI0000000y00000 f=(fx+fy)/2000000000000000
00000 CMDOOOCOOOOOOOOOOOO0DOODO0OOOOONONDOOONonD 1.21
nm0000000 150000000000000002000000000000000
00 s(001) 10 p(001) %20 000000000000000aSI00000000000
5(001) 2<10 p(001) %20 0000 fO K ODOODODO00O0D00O0f,0000000000
ooooo

Table 4.5Surface energy (Jm?) and surface stresk (N/m) of a-Si. The experimental and the-
oretical data for (001) crystal surfaces are also shown for comparisonx ahey directions run

along the dimer bond and the rows of dimers, respectively.

Y (J/mz) fyxe fyy (N/m)

a-Si
CMD-DFT2 1.05+0.14 15+1.2P
CMD 2 1.13+009 07+10°

s(001) 21
DFT?@ 1.40 0.73-1.06
DFT [133] - 0.81,-2.08
DFT [47] - 0.75,-1.19
CMD 2 1.48 0.40-1.34
p(001) 2«2
DFT?@ 1.28 1.24,0.60
DFT [47] - 1.33,0.51
(001) <1
Exp. [129] 1.36 -
Exp. [31] - 112+ 0.16¢
Exp. [32] - 0.56°
Exp. [33] - 128~ 2.08°¢
@ This work

b Averaged values ofyx and fyy

¢ Values of anisotropyfyx — fyy
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Table 4.6Coordination statistic€,, (%) and ring statistic, (ringgatom) of a-Si surface. The

results of bulk model are also shown for comparison.

CMD-DFT CMD CMD-DFT CMD
surface surface bulk bulk

Cs 22.33.9 25.6:1.7 0.5:1.0 0.G:0.0
Cs 73.529 70.&3.7 97.:2.2 94.4-3.6
Cs 4.2+3.4 3.5:3.6 2420 5.6:3.6

Rs 0.05:0.04 0.0¢0.01 0.0&0.01 0.0%0.01
Ry 0.08:0.04 0.080.03 0.020.03 0.040.03
Rs 0.52:0.07 0.540.08 0.4@0.11 0.420.11
Rs 1.05:0.12 1.040.13 0.940.15 1.0@0.15
R; 1.12:0.16 1.130.16 0.960.21 0.920.19
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Fig. 4.13Bond angle distributiong(6) of (a) threefold, (b) fourfold and (c) fivefold coordinated

atoms located in the surface region. Solid line: CMD-DFT scheme, dotted line: CMD calculation.
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Fig. 4.14Distribution functiong(faye) Of averaged bond anghaye defined for threefold coordinated

atoms in the surface region. Solid line, CMD-DFT scheme; dotted line, CMD calculation.
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