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Z DMy, SiC DA% HEfRES 2 7201213, S OlRhe, FTERHRAL - HORA IR
BELGHEASE L 2508, b dIRIC X 3 TiEqEEAam #0521 r ) v A F )
CGLEHB)OICEREI N TwE 0T, ZHL%SRLZV. ZOHREICE, b DHEIH
72Tk, BOEARNZFIED 720 3 fHHRI TS,
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Fig. 1-3 Edge dislocation Fig. 1-4 Screw dislocation
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screw dislocation dge dislocation
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Fig. 1-5 Mixed dislocation Fig. 1-6 Dislocation loop
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Fig. 1-7 Layer type of crystals such as FCC and HCP
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partial dislocation (30°) perfect
dislocation (60°)

stacking
I fault

v

partial dislocation (90°)

Fig. 1-8 Route of atoms to the next position Fig. 1-9 Type of dislocations

11.5 SiC D¥xfiI, BREXE

4H-SiC T v & F & ¥ VBT, shr, BEEXE, ~A4 7 eo54 7o wvo 2 RIGHBHFIEL
T3, WK, 754 AERICERE L5 2 25808 0, SiC O BERIC R
A -CHESE KRG 2RI & & % 7201 T v CIFSE - M THO N T Z 72[10]-[14]. LA L 728
b, T9 LM PHEERRIEz X F o v VIERFIIKAA L LTHIELTE Y, 2abhT
NAZAMREDIK T ICER 2. 22T, SiC OREMPICHFIET 280 5 5, KRN
(BPD: basal plane dislocation. 2A T BPD & ﬂ?ﬁa ), H A R EEAT (TED: threading edge dislocation.
LAIF TED & MES. ) icoWTHRFULICIER B,

T FYIDIC, BPD ICOW TR 3. BPD & (%, SiC DIJEH FICfFEL, b =1/3[1120]
DN=F—=AR7 bAEFHT LM TH 5. BPD FNEHAEBHERFICREE X EILA S22
LT, 794 REREERRATL £ 9 (EAMA)[151-{18]. AT v FHlfl= v 2 F > —fK
i X v, FERAD BPD @ 5 b K& (90%A )iz v 2 %o v VEDOHC TED ~ & 254
TN B[19][20][21]1D DD, —ERDOHEAKD BPD 1F T & & F & ¥ AJEPCH A X 910k
L, ZNOBT A AREDIKR T % <.

BPD (3id#7, Fig. 1-10 © X 5 I IALIC R L THREL T b, S0 DN — 7 —
AT T

- 1 1
[1120] —» 3 [1010] + =

3[0110] (1.1)

W[ =

Th 5. 2 KON OMICITY 2 v 7 L BB RGAFEL TEY, i X Y IE;T
AT 5. FTERA L, BT 235 Hs6L 2 LT, (1) 30° C core — 30° Si core #
SHRfixf, (2) 30° C core —90° C core HRZIHEAZNT, (3) 30° Sicore —90° Si core BB RIS
DIFRICKNT 22N TES, T2, BOFEMES LT RO ELFET D0E &
LG, Fig -1 ICRT X, Yy 7NMET T4 FHD 2B B35 5. cHliFm )Rt
IR AW D3> X v ZVH, T H T 74 P& MR, FICT AT =N alns»d

SiC DEHUALIZ 77 4 FHICHEL TW5 EFEZLNTWB[22]. &k, 774 FHICHE
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#H35Ca7r, Siar7ofninfizzhZznC@aT, SiaTeRTILrdhs.

KIZ TED I DWW T3, TED DN—H— A7 + LI BPD &R, b=1/3[1120]T
H2%7-%, BPD & TED ERZETRVICK YV BAWICEMRT 22 EAAETH Y, Tviasx
v VRGN 2 B [15]-[18]. BPD (ZFERINZ GG T 2 DIk L, TED (% ¢ i
HlazGET 2, ebdlzXoic, BRN» L5 E#MINAEZLDBPDIZT XL v L
JEirpC TED ~ & &ffsx %, %1‘&?\]@%<@TED BEZFDFEFTIEXF T v LA~ L5 EHE
235 25, TED %5 BPD ~ & &3 2 H[15]1D 5 T T3, BPD IZIEST I & »
S 72T NA ZVEREDIK T DO JFIA & 72 5 23, TED (38 KoLK ICIE 7 53, iRy
R¥:TH 5[18].

BPD % TED Dfthic &, Hil b ABLA7(TSD: threading screw dislocation) ¥~ 4 7 m 34 7
& o ZZERA7 R R Fa Y SiC A E I IZFAE L T 523, AW TIk BPD & TED 122
WTTFICHYDESY 2 b, &2 TIkHZEIET 2. SIiCHMMNICTETES 5 BahrCfih K
FaicBe 3 2 IS BUREEAMICBI L <, 0, KA HIC X 3 [EEA Sic Sifr e el (H
FITHEFERDRICHE LI LD ONTWEDOTHETZ L B,

basal plane
\ / t f\f\ t \ 7
— 90° Si-core (g) = 90° C-core (g)
30° Si-core (g) 30° C-core (g)

Fig. 1-10 Schematic illustration of BPD and Shockley partials on the basal plane
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shuffle
glide

[1-100]

l—> [11-20]

[0001] e
c axis

Fig. 1-11 Description of shuffle set and glide set

11.6 BPD-TED Z#2IR5%R

IEXF TP MEFD BPD 1E, 74 AERBICKE AERE L 525D, ATy
THIHl T e 2 ¥y — KR E{TS 2 & T,BPD Z RO TH S TED ~ L B X T 3,
TNITE Y, 95%LA D BPD I3 TED ~ & A X 415 (Fig. 1-11, Fig. 1-12) [19][20][21].

IERF X VEHRO BPD 1k 2 ROEREEALICHIIVTHAE L TV 5[23][24]. TED ~¢&
Tz g & xix, 399 BPD SO 2S 1| R SERERAL~ & IUE T 5 [25][26]. I
Mk, ERAREICIC L 2RO TR, BRI bDTHIEELLNT D
[9][27]. % D&, FERIIFIC L VAT RY L D TED ~ & 241 X 1 5 [19][28](Fig. 1-14).

BPD %% o LKl & ¢ %729 (C BPD-TED £ %[ | X & 2 MEERH 573, ZHBIR
DAN=ZRXLITREZIHL DT TR > TR,

BPD ) TED (95%) BPD (5%)
—  _|epilayer

|
off-cut angle /
sub layer

Fig. 1-12 Schematic illustration of BPD-TED conversion
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basal plane b b
’,ﬂ‘—- ‘ —
converted
BPD: harmful TED: harmless

Fig. 1-13 Schematic illustration of BPD-TED conversion (enlarged view)

l. image force suface

it U
—

partial BPD — perfect BPD  partial BPD — perfect BPD :

constriction constriction

(1) Constriction of partial BPDs (2) Conversionto TED

Fig. 1-14 How to convert BPD to TED

11.7 SiC OFRRE

INETHRRTEA LI, 4H-SIC FFHICIZIRM P REER WA FELTE Y, Zhb
ZT A ZERER KT 38, 754 20FmICEE R JITd. £ 2T, fidd o KRz i
L, 74 22 8i&E 3 2 ECoGltEzmd 3 2 ek onTna,

b AFFZEClE, BPD-TED ZHuHRICOWCEHT 2. 27 v 7o v & %o —ik
fEic kb, KR BPD % TED ~ & Z#a X415 H D D[19][20][21], DT 47 BPD (F4HaX
NFICHEREL, TNOBT A ZAREOETOREKE o TWnd, 22T, X5k sEHE
DI EARD bNTEH Y, ITENE - FARSEBIICITORLT» 3,

BPD 25 TED ~DOZ Mk % [ L X4 2 72010, ZHaD A /1 = X L OFRIHR LT 72 23, 25
A = X LDEERBHIZ I N TR, 22T, AifE TR, FTRT7 — Lo %
179 £ & T, BPD-TED ZHuHIR DG % EHTINICITo T Z e 2 HWE LT3,
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1.2 SEfTHge

1.2 SBT3

BPD D{KJf<> BPD-TED £ Do) FIIBIED B & 72 > Tk b . BPD-TED £
F ED7ZDI, THE CTICHRAGTEMREINTE 2. il LT, MERD A 7 A 2K
X 2 J7IE[10[11][12], CMP I X b KM %513 3 5ik[13], BBEEE % 2 5k
[13][14], C/SitbZE® 2 L1013 T o s, Zhbnic Xy, BKom Eicokd-> T
W5 H DD, BPD DIRAEICIZE > T,

XIT, BPD-TED ZHaBIRD X 71 = X L Dz HI & L, 3 FE%E % v TR 23T
DNT=ARPTDIC L 7 - 7R [29]IC D W Tib < 5. Z DffFFETIE, 30° Ccore—30° Sicore
a1 E H LU, NEBIEIC X 2 OCHEEfENT 2 -V 5 2 & T, (1) BPD #7Haiz 0 A3
i 208, RE25 2 552, (2) BPD So08alr 1| ROBEEICE S 2 i@, (3) BPD T4
RIS R T2 AN = XL ERMADFELZHO I L7z, fEITOREE, BPD #5Hz
AR ASNAE S 2 BRI, K25 1 LAY —Fichz3, REMIHEICENTIE, T4ALF
—FISEB3GoNnd 2 ot 7z, TRWMICKR 572 BPD IX, RH»HLRET Y
ZREZ L, TED ~EEMIND Z EB o7z, £72, TOMETIR, ML EICZET 70
BEFENT72 1 T 72 {, BPD SE2RHENI2S TED ~ & A X 115 £ CTOMRICOWT, 4 FEi
vIialb—vaviiTol. ZOME, BPD BN AKIORET Y %I L, TED
~ & RIS N D RRT- R R L 7=,

1.3 AR Bm - FiE

AWFFETlL, BPD-TED 2248 A /1 = X L % JUSKEBE AT P o FEN 12 S a L —vave
Vo 20 TE N ERCTHLPICT 22 2HNE TS, T X F 2 v LEJIC TED IC
ZHLI NI S BPD 1213 & A 285 2 ABRAI[28], [30]-[32]TH % T & 2> 5, RKiffFE T,
54 A BPD T»H 5 30° C core—30° Sicore fh X ICOWTHE Y & 5. F 7=, SLfTH5E
T, H A QU & 2ZET XY ~OREDFFEICEH L, BPD #5r#nf7rxt o I -
PLERFF D FR D T A4V ¥ — D IR TN Y ICB T 2 IR 0 Tz 2 L 5 b,
RWFFECld, BPD SR dahint 230U 3 2 @RRICOWCTEHL, T T %E1r .

1. REFHEICE T A2 - IERT 2B A4 L X —[EREZ RHCEE 4 5 - 55 5 5)
2. KR DEEAIN DU - JERICE 2 2 EOMRIAGE 6 &= - 55 7 &)
3. HRRNHINE - SRERRF O FEN 1YY I 2L — v a V(B 8 E)
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1.4 FWX DHERK

1.4 SR DB

H1ETE, AfROER, BIAWELT, KiEO BT - FEICOWTRR 7,

B2 W TIE, AR TR 72T O FiE K G O ERUTEIC DWW Tk~ 5,

B3 BT, BEINFEALEZROI AT —ICEANS 2 28T 2BITIcowT
SUINO

HamETIE, 77 AN O ICEH L, Ao IUE - JEIRKFO = 4oL ¥ —[ERE I
DWTHER L EREIBRD,

BSETIE, ATy 7H o TEDT 7 AMICEMBHTW» 3 ETVICEWT, 2T v Thid
b ¥ v 7 ARNIE T COMEICEH L, SO0 oI - IEIRFFO T 3 L ¥ —FEEEIC D W TR
RLERZERRS,

¥ 6 mTIE, ATy FESICEEMSHETWRETLICEWT, BEASH B A7 E & iR
M RO = AL F —[EEEDBREZH L 2T 53 720 DEHTIC O WTHEIR & & Tl
%.

HIETE, ATy 7HO TEDOT 7 AHICIMNBHTWEETVICENT, TRDOT 7R
DK E X LHAN OULE « JRIRIF D T4 L ¥ —[EEEDQBAR 2 & 2213 5 72 DfEHT &
Z DRERERR 2,

F8ETIY, UEDMITHER & DI EIT S 720, Safixdt 250U - JE5R 3 2 BR o 43 T8 1%
vial—vavi{TokfiReih5,

FHOETIE, fMimeBEELBRS.
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2.1 I FEFk

e —1 >

4

|l

28 AR THWLT-

\nix
JUT

21 D FHAFE

7181154 % (molecular dynamics: MD) & (%, FHEHE FICHLE L 721011t LT
FEHEZITY, ROREREZHET 25EFETCH L. ZNITX Y, e BN KICD
W RT3 Z LSRR 2 B,

RO R oA CHAEERX, BF PN EMRE2ERT 2068035 5. &1 1%H
BNREEBR T 2T7EDEVE LT, G185k ¥ @b initio)MD & il MD i<
KATE 5. B—J7H MD Tl%, %EILBIEIH R (density functional theory: DFT)IC X b &
REEZERRkD 2 2 L CEIIAREERITS. — 4, HMD T, R AER % R
BIEFRT Y v VBABIC X > CTERT 2 2 L CEINFEHRE AT S, &l MD 1B 25
LnW7Aa) XaeFEIconTid, B, HHICK 2 EER>FEINYEY IaL—vav]
FALHRO[3312 o C &,

BB MD CTIZRBIN A ERZEA LRV, HHMD X0 b IEMTH B )7, &
LMD ORI 2 FOWTENT WS, £/, FHFEH MD T, {LEKICEHFDOHIT
RERIIRS T e TE RV, AT, IR E 2R %2 My, BINABHERHE K
Tenb, HHMMD #HW, SR, HIC D TEINEE E 72 I MDT EIFA TS & F T
X, HHLMD Zf59 b DL T 5.

HHMD ICBWTAAIR EARZDIE, JRTRT VU Yy LDERTH 5P, KifgeTiE,
THF9EIC 51 2 ¢ X, Vashishta X7 v & ¥ L [34]% i L 7. Vashishta & 7 ¥~ & ¥ )L (Z Stllinger
Weber K7 v & v L ZICIC, 7 —0 v NS BIEEHAER #RE L 7287 v & % LT
& %. Vashishta K7 v & v L Cl, EERMT AN ¥ —OFHEMED DFT 5HHE & X< —E
ER-D

¥, AFETIE, MDY 22l — a v 28072 TNToFHEIR, KBRS 1
BHFEIEHOA -7 v Y =2V 7 7 27 ThH 2 LAMMPS[351% W CfTbiLs.
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2.2 NEB %

2.2 NEB %

AW, KIGHFD = 3 v F —[EREZ B3 % 72912, NEB (Nudged Elastic Band)i% %
W7z, NEB I & I, EEIE O IRIREE, #RRED & /= 1 v ¥ — FE % (minimum energy path:
MEP)% K ® % Fi5TH 5[36]. MEP IZ X Y, Fig.2-1 IR T X ) iREED L IREEE T
TaAF—lhfk % ko b, EELT A r ¥ —, KRICHER (Reaction Coordination), ARIH K 7x
IANF - A OEREZ KD 5 2 LB TE 5,

NEB i Tld, JRT%DH 2 REE SISHEEED 3N RICOIREZE[ Eo 1 o0k 35, if
IREE(SUGHT DIREE) D £l & FARBE(SUGHE DIRFE) D i DI R Z3ES 5. Z O
% L 7Y 71(replica) & M55, IRIREED AL, #ARFED 5L, L 77V ARl % ATRERY 7 RN 4 ©
ALY Fand)2 KT 3. 2D LT, "y FozxArF—%2i/MET 2 X5 itk
(MEP)2EH T 2. MEP 28H 32 L 2ICAEL2MED 1 DIt v 7OMELIH S, 2
(path) I TR I A EE RN L DV D KEL D L &, R EICEHEHD T AV X — Bl T
ETHLEICRIV LT, NV NV EREEFVIBELNDE &2 d oh, FHRERPZICEL 7
S RBAHENED D 2. v 7 OREEZ KRS 272010, L DTEREZLNTETEHY,
T ZTlE, NEBEDHARR 2 JHEE & ARG TR 72 FIEB7]-[39]IC 2V Tt 3 5.

iZBHOLZ Y Aici3z6 N Filg

F;=-V(V(R))I. + F{l, 2.1)
EREDL., L, RIZIBFBHOL T ) HOMERZ L, VR)ERICBTERT Vv
NTHL, ZORDI B, Fi[jiz" A2 NW%ERL, R EDOL 7Y D52 HFILROH D
T,
Fily = k[IRis1 — R;| — |[R; — R;_4]%; (2.2)
LRE5. —H, VVR))ILZFT V¥ X VAR DY FICEES KT %KL, MEP ~
IR X353 DT,
V(V(Ri))h = V(V(Ri)) - (V(V(Ri)) "i'i)‘i'i (2.3)
EREDL, T LlE, NRDEH(tangent) TH Y, FEKIT

A Riyi— R4
g, = S~ Rioa 24
" |Riy1 — Ri4| 24
DRAVWOLNT W, LrLAaRL, ZHEF v 7oRENRS 2 &b,
T (Vi1 <Vi <Vigq)
T, =4 % 2.5
¢ {Ti Viea > Vi > Viyy) 23)

BRGNS, 72721,
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2.2 NEB %

{Tf =Ri11—R;
T =R, —R;,

TH5.Thbb, rOMITERHEVEILTV DI B, TAALF—BE0TICHEINS.
DV <V >Vip 1 272013V, >V, <V & ZITIE

T, = T?AVim(_lx + T AV (Viex <Vit1) 2.7)
: T;Avimm + Ti_AVimax (Vi—l > Vi+1) '
BHWwWbNB., 72751,
{Avim“x = max(|Vie1 — Vil, Vier = Vi) (2.8)
AV/™ = min(|Viyq = Vi, Vieg = V2D ‘

TH5. UE»o 1V 0Z o T BEOLPICEL T2 LI ICEREL TS, bt
LAMMPS ICHEEINTH Y, ANETHOREOIRI Nz VT3,

HHE O NEBIETEAAERIZTRCE—TH Y —ETH L2, EufhiEoL 7Y ho%
JEERMAR I P E 0 EfERiEH bz A ¥—2HET 2R TE L. 2 2 ORISR
Tk, VL7 IADZANF IS U AR ERERET 2 FiEZH Wz, COFETILIF
HE i+l ZBHDOL 7Y A DO AN A ER ki 13

E —E;
k. = {kmax — Ak <L> (Ei > Eref)
i =

Emax - Eref (2~9)

Kmax — Ak (Ei < Erer)
&7 %, Eilimax(Ei_q, E;), Enax 3NV FEETOZ AN F — DK, EoldMidno L 7Y
ADIANLF =D HLEWHTTH D,

ZUUHCHFRER Ty 7oL 7)) A R RN AL E ICEE L 7 97 (String
F[40], SN RICTEEANSS N 52 BIEBT], WO L 7Y HISh b % ZEES B J7iE(Free
End NEB i), RIEAT v 72 Lic Ny FOIRREICIE U TS ER k % HHTT 2 7415
BB, NS IRETHEDOHFIC X 5T LAMMPS ® NEB MOD 22~ v F& LTHEEX
iz, FH L IFHAN BRI SR E i v,

BRI, NEB 0GR SiEH bz A v ¥ —% Kk 3 Hikzil~ %, NEB ik Tli3 MEP %
HEBU 2 i CRIAT 5. o C, EffR T AL F—DRKME, R/MEZ KD 57291213, #l
fil(interpolation) S M EE & 72 5. AWFETIE, HL 7Y A DT AN F — L XX DEERLIT ALY
DT X B 3 RoTHhAREI 2 AV 72[37]. CofiEETIE, n 2L 7Y hoke L, RIGRE
MR L &V 70 h ORI %

n—-1
L= IRis — R- (2.10)
i=1

! L
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2.3 Bl O ERT i

LEFELE L&, K, ]l B 5 3 Kotiig ()i
gim) =V,
9i(r)) = —LF; (2.12)
9i(Mis1) = Vier, fi (fiy1) = —LFiyq
B, FlINADEBMRZ PLOL T Y A0 O¥ETH 5,

Activation
energy

Initial configuration

Energy

Final configuration

Reaction coordinate

Fig. 2-1 Example of energy curve. This curve can be calculated by using NEB method.

2.3 BER{U DERR T iE

WA DIRTET AV EZERT 50, £ WO 25 DIE, anisotropic displacement
field[43]IC & » CIR T PERE % 5H83 2 57603 % 5. ARIFJETIL, B4 StF BRI A D D5
TETNVEAEKT 2RENRH 2 2 Lo b, REPMHBEEFEEM . 22T, Tk
o142l CHV b FikEItic, XV CHROICHDL LT »FikZRE L 72O TRl
B9 2. Bafi A D T T VOERFNEZ Fig.2-2 19, LUT, ZhZhoFIHO M %

BB,



F2E AL CTHC R R T 15
2.3 Bl O ERT i

(1) SiC# & D 1ERk (python)
BRI A > TWERWSICIHERAERT 2

L

(2) RFD#8)(python)
SRICESE, BEFEBEHSE2

L

(3) #&MEtE(LAMMPS)
WEEMHEETY, RESREICTS

Fig. 2-2 Process to make dislocations in SiC

2.3.1 SICHERDIER

FIWDIC, B A o TWnipe SiC e ZFR T 5. fERTiEIL, TR Ecod o
EHEETH D, COFETIE, ETALOREXIDIED, Si & COBEOHBEEZEHET
EOHRETH B, o T, AW TITEY &b\ 23, 4H-SIC UAND SiC DFE ) 24 7
ERATRETH 2. T A DFAERIL Fig. 2-3 iICnd & 5 ic, [11201/5H% x J71E, [1100]75
[% y A, [0001]5 A% z Hlae L7z, 7ok, FRICE KRB RVIRY, DO ICE VT
b DR ERAVTN S,

y [1100]

l—m[ﬂéo]

z [0001]
(c-axis)

Fig. 2-3 Coordinate system in this model. This system is used hereafter.
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232 [RFDIZE)

RIC, MR E T2 BB S 2 5. 4H-SiC DEEAIITICIX, 30° Ccore—30° Sicore
wm, 30° Ccore—90° C core Bxfiz ¥, 30° Sicore—90° Sicore Bxfii X 3 FEFHAFIEL,
FNFNOEAN DIERT % BF L 7225, 2 2 TIRAMETEHT % 30° Ccore—30° Si
core DELNI N DIER T EZFEL < FHBHT 5.

BRI A3 2 HIC B T B T o8 /1A % Fig. 2-4 1<, BEItkOJR I E % Fig. 2-5 1T/~
?.E@%E@ﬁu%&ﬁ%%k?%#Liof&ﬂ%%%mﬁﬂﬁéﬁb,ﬁ?@%%ﬁ
MAXRL7d DLW 2 DTHEEPLEL RS,

Fig. 2-5 22 b 0 H % X 512, i Y KE%%%@%%%&,E%EiL@%%ﬁK%
SRICET /-0 ETEAZDLTCLES. 22T, ROFIETHRR ZHEEERMETEZITS 2
T, HALREDOIEM ZVER T2 2 &8 a[geL e 3. L Lads, i ﬁﬁﬁ%%ﬁom
DR FRLEBEICAAARTH 5 &, BEEMFE L 2R CIEL Wik R &2 D
TZOBRBECTORTFOBETEICII LRELE L5,

Tk, RFEETIE, WA OMEY T, z /70), SEAOE% B RICEE T 5 2 & A3 AlEE
THh25. T, BHENICEY 2 2ERT 22 EbAHETH B35, * v 7 DIERITEICDWT
13422 THHET 3.

30° C core —90° C core #xfizXf, 30° Sicore—90° Sicore HEf X DFEL WEENHIEIZC &
TIHIR 7023, FEARMICTIE 30° Ccore—30° Sicore Bafixf & FRICITS) 28 TE 5. 72
72L, 30° Ccore—90° C core #afizxf, 30° Sicore—90° Sicore BafZxTlL, IR (90°
B HEAL) DR T DE DD 72 13N T %729, ZORZTEEPLETH 5.
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dislocations

Fig. 2-4 How to move atoms in making 30° C core - 30° Si core dislocations. The top image is

on the slip face where dislocations locate. The orange lines will become dislocation lines.

TL S8 “ "' :
. Bt 8 8,8
Cd
‘. ."333’::::”"‘ s3e3
=“.‘.‘ "~..’ : : "n"““

/‘ ’h

F ig. 2-5 Arrangement of atoms after moving them
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TRk

AT TH 725

FH2E

2.3 HEfr DVERL T i

5

A

2.3.3 #EEMN

& T, WELEICT 5. fEEN

g

A

Xt L CHE R A

-
-

HIEiCIER L 72 7 vl
151X LAMMPS T® CG E% w72,

i

IV SeF 1% energy tolerance = 100 eV/A & L 7=.

T, T/, &

& LT, 30° Ccore—90° C coreB&{izxf, 30° Sicore—90° Sicore B fDETFTNLEZZNFE

N

-
-

LA b2 5856 4172 30° C core—30° Si core #afiixf d € 7 )L % Fig. 2-6 |

R ZAT o 724 R, B3 IEL  TE T i,

i

3. MR
HIOFNEICE T B EF DB DT X=X BHT 208D 5.

N

-
[

U Fig. 2-7, Fig.2-8 |

The upper right image

Fig. 2-6 Arrangement of atoms in 30° C core - 30° Si core dislocations.

shows dislocation lines and burgers vectors calculated by using OVITO[44].
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TRk

AT TH 725

FH2E
2.3 HEfr DVERL T i

Fig. 2-7 Arrangement of atoms in 30° C core - 90° C core dislocations
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Fig. 2-8 Arrangement of atoms in 30° Si core - 90° Si core dislocations
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free surface
periodic (x direction)

30° Ccore—30° Sicore
partial dislocations

distance d

C face or Si face
511 nm

z [0001] (c-axis)

E‘y [1100]
x [1120]

6.15 nm
Fig. 3-1 Simulation model
Table 3-1 Analysis condition
method CG (energy tolerance = 10716 eV/A )
timestep 0.001 picosecond
potential Vashishta
boundary condition x: periodic

¥, z-: vertical fixed

z+: free surface
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d: distance between
28 terrace and dislocations
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T ——d=0.75nm
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w: separation width of partial dislocations [nm]

Fig. 3-2 Relationship between separation width of partial dislocations w and energy (C face) in
d=0.25nm, 0.5 nm, 0.75 nm, 5.0 nm. The energy of perfect crystal (no dislocations) is set to 0

eV. The configuration of w = 0 nm is the crystal with a perfect dislocation.
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w: separation width of partial dislocations [nm]
Fig. 3-3 Relationship between separation width of partial dislocations w and energy (Si face).
The energy of perfect crystal (no dislocations) is set to 0 eV. The configuration of w = 0 nm is

the crystal with a perfect dislocation.
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Fig. 3-4 Schematic illustration of two partial dislocations
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Fig. 3-5 Schematic illustration of two partial dislocations near the surface
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Fig. 3-6 Relationship between width of dislocations and "image force'" (value 4) when d = 0.25

nm, 0.5 nm, 0.75 nm, 1.0 nm, 1.25 nm, 1.5 nm, 5 nm
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Fig. 4-1 Initial and final configuration of this analysis.

free surface
A periodic (x direction)
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2 [0001] (c-axis)

ky [1100]
x [1120]

6.15 nm

Fig. 4-2 Simulation model

Table 4-1 Analysis condition

method CG (energy tolerance = 10716 eV/A )
NEB (force tolerance = 0.01 eV/ A)

timestep 0.001 picosecond

potential Vashishta

boundary condition x: periodic

¥, z-: vertical fixed

z+: free surface

31
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4.2 nucleation & migration
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Fig. 4-3 Energy curve and arrangement of atoms in each reaction coordinate in C core
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4.2 nucleation & migration

421 nucleation & migration IC2WT

1 RO EEN, OB E) L, Fig. 44 ISR T X 5 iC,

VIR 2R L F v 7 HHRR

TN T 2 ECoBEBRICHTONS. ¥ v 7 3EKRT 2% nucleation, ¥ v 7 Mk
RE 72 13Mf/N T % £ ColEfE% migration EIES. F72, F V7 IFIENRTH D Z LH b,

Fig. 4-5 1773 & 512, migration XHRFR(FE 72 134/ 3 2 5 ANCIG U C 2 FEEICHIF 5 2 &
NTE 2. ZNEN LK (Left Kink), RK (Rightkink)& FESZ &0 2. 7, TS =2
TIZBTBF 7 EK, R - NAEORR T 2R LT 525, CaTIBELThFRKRTH 3.



FHAT T 7AW OHEEICEH U 7 OGRS IEHT 34

4.2 nucleation & migration
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nucleation migration(LK)

Fig. 4-4 Nucleation and migration (LK)
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4.2 nucleation & migration

Fig. 4-5 Difference between LK and RK
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Fig. 4-7 Initial and final configuration of this analysis

Table 4-2 Analysis condition

method CG (energy tolerance = 106 ¢V/A )
NEB (force tolerance = 0.01 eV/A)

timestep 0.001 picosecond

potential Vashishta
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boundary condition x: periodic
v, z-: vertical fixed

z+: free surface

4.3.2 FENTHER(C m)
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Fig. 4-8 Relationship between width of dislocations w and activation energy. C face, d = 0.25
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Fig. 4-9 Relationship between distance d and activation energy. C face, w = 0.94 nm, 1.73 nm,
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Fig. 4-10 Relationship between width of dislocations w and activation energy. Si face, d = 0.25
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be made in these configurations because of their instability.

3 3 3
— 25 —25 r —25 F
> > >
L A K
5 2 & 2 5 2
2 2 2
@15 15 15
j c c
8 k=) 0
g1 g T o1
3] g g
<05 <05 <os
0 L 1 0 I L 0 1 1
0 2 4 6 0 2 4 6 0 2 4 6
d: distance from terrace [nm] d: distance from terrace [nm] d: distance from terrace [nm]
w = 0.94 nm w =173 nm w = 2.53 nm

--O-- C core, contraction

—8— C core, expansion

-{}- Si core, contraction

—l— Si core, expansion
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cannot be made in these configurations because of their instability.
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Fig. 4-12 Simulation model
Table 4-3 Analysis condition
method CG (energy tolerance = 10716 eV/A )
timestep 0.001 picosecond
potential Vashishta
ensemble NVT
temperature 1000 K
boundary condition x: periodic

¥, z-: vertical fixed

z+: free surface
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Fig. 4-13 Arrangement of atoms of partial dislocations
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Fig. 4-14 Arrangement of atoms including a kink in the C core partial dislocation. left:

expansion, right: contraction.
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Fig. 4-15 Arrangement of atoms after minimization in making a kink in the Si core partial

dislocation (contraction)
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Fig. 4-16 Arrangement of atoms after minimization in making a kink in the Si core partial

dislocation (expansion)
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Fig. 4-17 Snapshots of the simulation system when t =0, 5, 10, 15, 20, 25, 30, 35 ps. The
distance d between dislocations and terrace is 0.25 nm. These are projected on the surface

where the dislocations exist.
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distance d between dislocations and terrace is 0.50 nm.
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Fig. 4-19 Snapshots of the simulation system when t =0, 5, 10, 15, 20, 25, 30, 35 ps. The

distance d between dislocations and terrace is 1.5 nm.
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JEEBICE 2 2 BIINES KRB LN T B DD 5.

442 CHE

F WD, WUHERE & JRIRIE O SO E 8D L % 47 5 . WU D SO TEELE Peonss
PEIRRE D SOGIEEEEE % Popn & L, HILIRIE w, 7 7 AW LHafixf  COMHEd & Ik
F Poxpn | Peom Z B U 72, $RIRIE w & HEZE Peont / Pepn DEAfR % Fig. 4-20 1R T, HEE Peone/
Popn 31 X0 B RE T NIL Peowe DR E CHAIN 2R L T, 1 X0 /NI TN Poyn
BRECIAERIERLLT W L ERL T3S,

Z DFER, JEARIE w 2N E VUE Y, Pogt & Poypn DAEDPKEL D E 0D TR 7z.
JEAEIE w23 w=067nm D& F & w=253nm D& ECTHIT B L, P & Poyn 13 2 HIFRE
B, 2F 0, JRE w VNS WIZENGEE IR £ b2 Y 3K, kR
i w ARE T ANLF —FEEOBLS©F 21, M/NDIRDERE IR V2T <k
prEZLNS. FRC, 77 AMWEEMNNE COWHEEd SREVIZE, Pow & Popn DED
KELARDEWI L BHLPIC R o7z, £z, C 2T DEDEEN, Si 2 7 O ERA T
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NicknTd, RAMAHECTH L, 77 XML O d23d=025mm O & it
Peont DIV Popn £ 0 DK E L, BRI OME/NBEEZ DT e 22305, iz,
JEARIE w 2 w=0.67nm D & FITIE, Peowt DITDS Popn £ D b 10 5K F 0,

RIZ, CaT OHFSERALE Si a7 OFBIAICE W T, RIGHERBO K175, C 2
T DR ETER % Pe, Si DRICHE TR % Py & L7z & &, LR w & LK Po/ Ps OB
fR% Fig. 421 1IR3, RIS, R P/ P23 1 XD S RZFNIE PeAKREL C 2T DER
SN SBEEN LT v —T1, 1 XD /N FNE Py 23K & < Si 2 7 O 28 L %
TSI T EERLTWE, ZofEE, KEMULEICEHEWTIE, Pl Ps D 103~10° 5K
FnWIehb, C a7 OTA Si a7 OFFIML LY blddricHZLT I L
D35y otz —J7 T, REMOEHLAIMCIEWTIE, Sia 7 OBEIDTARI )T nE v
eV hb.

100 ¢ 100
§ 10 3 \%—0“‘}-0 § 10 E 0\0—‘0—0_0—0—0_0
Q F Q.m
T 1k : : T :
m.g - a®
0.1 01 &
0.01 001 L
C core Si core
0.001 0.001
0 1 2 3 0 1 2 3
w: width of dislocations [nm] w: width of dislocations [nm]

distance d between terrace and dislocations:
—O0— d=025nm —&—d=050mn$m -—MW—d=075nm —@—d=50nm

Fig. 4-20 Relationship between width w and Pcous / Pexpn With C face. Temperature 7 = 1500 K.

left: C core; right: Si core.
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100000
10000 L d|stan_ce d bgtween terrace
3 and dislocations:
1000 — —e—d=0.25nm(contraction)
100 i —&—d=0.50nm(contraction)
o —m— d=0.75nm(contraction)
~ 10 F
o F —o—d=5.0nm(contraction)
1 --0--d=0.25nm(expansion)
0.1 - --A--d=0.50nm(expansion)
F --O--d=0. ;
001 L d=0.75nm(expansion)
F --0--d=5.0nm(expansion)
0.001
0 1 2 3
w: separation width of partial dislocations [nm]
Fig. 4-21 Relationship between width w and Pc/ Ps;
443 SiHE

CHHiD L & L[EEE, %390 I IHER & JEERIE O MG ERE O R 21T 5 . INUER O K
JERETESL " Peon, WETRIRF D SGHEETE I Pespn & L, ILTRIE w & HEFE Peons / Pepn O BT
% Fig. 422 1R T. Si a7 OEWHEEALITDWTIE, T— 2BV Rl BBz
BTERVD, CaTDEPEEALICOWTIE, CHTRONAEAFEEICH S,

RIT,C aT DEEERL & Si 2 7 DML DI %1T 5. C 2 7 O MIEEER % Pe,
Si OFICEEER % P & L, HLRIE w & HE Po/ P OBAfR % Fig. 4-23 ICR"9. Sia 7D
BRI 1) 2 RIEHUIHED & & DT — XA BFE LR WT20, — T E vl
HHbDOD, AL LTI, PsODHBPcE DD 102~ 10FERE N L5, SiaT o
DEERE DTS C a7 DEDEERL L 0 b2 I Z LT Ve wH e nnh s, £/,
OEMN, 7 7 A & MR DOFEREd 2SN E K 72513 L o T 5,
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1000 ¢ 1000 g
100 E 100 f
g 10 < 10
1] E Dfu E
Q\:,. 1 E I \t 1 E L ;
o€ o1 k ° 01 E .X.,..-—o::
001 E 001 E
£ C core F Si core
0.001 0.001
0 1 2 3 0 1 2 3
w: width of dislocations [nm] w: width of dislocations [nm]

distance d between terrace and dislocations:
—0O— d=025nm —&—d=050nm —W—d=075nm —@—d=50nm

Fig. 4-22 Relationship between width w and Pcou: / Pexpn With Si face. Temperature 7 = 1500 K.

left: C core; right: Si core

1E+00 ¢
distance d between terrace
1601 L and dislocations:
—a&— d=0.50nm(contraction)
- | L SEE PP S S
1.8-02 R e &b 5 ST —m— d=0.75nm(contraction)
i:, 1.E-03 I 5—’5’.—'——. —o— d=5.0nm(contraction)
Q F o--g--8-8--8--0--0 --A-- d=0.50nm(expansion)
1.E-04 --0--d=0.75nm(expansion)
i --#--d=5.0nm(expansion)
1.E-05 E __k__ﬁ_--ﬁ---a
F T
i .y
1.E-06 a

0 1 2 3
w: separation width of partial dislocations [nm]

Fig. 4-23 Relationship between width w and Pc / Ps;
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45 EE

451 CaA7 &S a7 DERHDERNL

Cifl, SiMi& dIc, KEMUEHFZRE, Si a7 OO T2 C 2T O L Y
DIEMHEL = AN F =KL, OGHEEEH D @\, 202 L, Si a7 O 725
BENRENC LR LTS, i, ECROFEFRRE L EERIC—EL T 5[22][46]
[47][48]1[49].

452 A TIVRRT ¥ v ILIEEE

NAINART Vo ¥ VERERZ 2 52 LT, REAFEICETSZ C a7, SiaT7oiEy
HRAL DIEHAL = 4 L F — D K/ :ow@%ﬁ?‘é LN TED. ZOERIFITHEICT
FELLTONTWBEDT, T ZClEfiificiirs,

Fig. 4-24 ® X 5 % REEFHICHFET 2= — AT F A b=(by, by, b.)TH HHfii %%
25, ZZTCREHRDED, HIRESDOARZEEZEZ L. Thbb, N—=H—AXJ LD b=
(b, 0,0)TH BUELEE LS. TDLE, NATARAFRT VY v L[EEE L

W(a) — ub? 2ma
L a(1—wP (_ b(1— v)) 9
ERINDG. 22T, a FTRY MM OEREFig. 4-25), wplXlEE, vIIFT Y vEHTH
%,
TROMEDHRE o ICEEZEZ 2D, T he, THY,

1 ub,(1+v)

vy = E{O-yy - V(Jxx + Uzz)} = -z

‘ E 4md(1—v)

(4.5)

ThH5D. fHoT, b PIEDOFFICIIEMOTA L R D, T AEE O o (2L 4L
ART Vv v VIEEE IR T 5.
T/, RIAN—=H—ART PAVDORKE S ICHEELE5 2 50T Aide,, THY

1 pub,(1+v)

E 4nd(1 —v) (4.6)

1
x. —_— — — =
Exx E {Gxx V(ny + GZZ)} =

THD. > 7T, by PIEORFTIFFIIROT R E R D, FIAN—=H—ART P LDKE XL
MLARA ZAZART Vo % LEEE I 5.

IEX Y, b IED & FITIE, A ZARKRT v v VRIS 5. 22T, b ASIE
& % 1CIE, EHP(extrahalfplane, ARFJHE T 1)K M & 1 SOMHNCHFES 2. [CHICEH T 5 Si
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a7 OEDERNL] & [SiHICE T 2 C a7 ORI | Tk, EHP 233 & 13 filic f- e
LTw3, fitoT, [CHICEIF 2 Si a7 oilntnfz] & [SiHicEsd s C a7 ol
B CIZERD AL DB ML o T B Dicx L, [CHicEH T3 C a7 oEfiEiy
& [SiicHF 2 Si a7 0P| TIIHTBMOBEELEL RoTwdeEZILN
%.

2 ic, FEWIHFICEHEWTIX, CHEHTIE C 27 DA EEALT 3 X — MK S BEIEE
DL o T3 DXL, SiMTIESi 27 DhAEEAT A X — MK BEIEE 2 E <
moTWwb, 7272 L, EEDOFTHE L oBEEORRIIEMTH 2720, L TR
RF VA ANDATRTHTERNC LD L NICHEELAMLETH B,

la
» x surface
o
b= (b, b, b.)

T T

dislocation Fig. 4-25 Schematic illustration
of moving dislocation core. a is
Fig. 4-24 Schematic illustration of a the distance between slip faces.

dislocation near the surface

453 AALXDHIBHED T IV —[EEE

AR CIE, B 2D o T2 2 & h b, MM AIERIC X 5 KF, fEEXIH
IS X 250337 6 K. F 7z, REAHETIZEHEII 233726 <. o T, H RN O YL -
JERICIZ NS OFERD 5. 5 3 Hm T~ 7z X 9, Srfz R A VER R K g o2
0, IRIES L ICRDIANF =BT 2 &2 0, IUHERFD T 4L X — [ERE L REE
DI AN X —[EEE IR 72 5. Fig.4-26 D X 5 i, HEBICERARL T AL F—A—ETHN
1T, TERIEAS K & < 72 2BFECIREE A>IRFE B)D T 4 L ¥ —[REE Ep &, HEIRIES /NS K B
EFECIRAE B>IRRE A)D T 4 v ¥ —[EEE Bg 135 L\, —77, Fig.4-27 ® X 5 1C, JL5RIED /I
TWVIFET AT =RV RICIE W TIE, Fig 4-26 DHIFRA = A v ¥ —4JEICIG U iR 3
5. 2078, PEREIK E L 7x 2 @FECIRFE A>IREE B)D = A L ¥ —[EE Er D528, fLiR
MEAS/NE K 72 2IEBFECIRIE BoIREE A)D T AL ¥ —[EEEEg L 0 b K& L 2 3.

PllE%#z 2L, REMTHEG=0250mm)TlE, JERENNEWIEEDZ AL —2MEL &
STV lrb, WHiKIDTT 23, TANLF —[EEED/NI S b EZLND, —T7, Zh
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LIS DS TlE, RRIEAKEVIEEZ AL T —MEL o> T3 2 25, JEIREFD /775,
IANF—[EEEN/NS S B EFEZLND., Thbid, KREFT COMER &L T3,

F 7z, PORME w KR EL BB ICoNT, UHHERE & JRERRF D = 4 L ¥ —[REE D [FIFREEIC 7n
STV DL, H3EICE T BMITICE T, ILREI/NE W ARRIE IS 32 =41 ¥
—DELHBRE DI L, JEERIASK & VR, IRRIESZML Th = AL F =233 L
AEELL TR, 2D, JRIRIEAK & v & EITITUURERS & JRRIF O = 4 L ¥ —[EEE
DEBEICR > Tl &¢EZLLND,

energy
energy

w: width of dislocations

Fig. 4-26 Analysis path when the energy of A w: width of dislocations

is equal to that of B
Fig. 4-27 Analysis path when the energy of A

is lower than that of B

F3ETIE, 7 7AW oA £ COMEE d LA OINRIE W S IcZ AL F—%
BL, AETl, HREMTOZAVF—[EEZRAHLZ, chbo200TLy, =
INF—[EEEZEZE L o A F -2 i L TE 3,

AR L7z & 50, $ofoaE@hiciy, ¥ v 7 04K DR (nucleation) & ¥ v 7 DYLK( -
/N D EFE (migration) I F T & 415 23, migration DRFDIEPEL = 4 v ¥ — 1%, nucleation DIKf
DIEELZ AN F—X D HENZ &5, T2 TlE, nucleation DRFDOEELZ AL F —%
N BB OIEH Lo AL F - BT 2 e o33, $72, Bz Ar¥—DF — 2551
DITHiio T B REA CHIOKREZE Y &\, ETALDKE X IIARFEDMENT CTH\ 72 Fig. 4-6
DHDETE, > T, TOETATIRAEMOREIIX6.150m TH B2 5, FILRIED T 4
LF =3 3 ETRD D D(Fig. 3-2)% 6.15 (5T 2 0ERH 5. X b, KEDOFHTTD
BIREETIX, ¥V Z70RI BN 1.23m THE e xhrEFEICANS. flziF, cCaTo
EorUEAL B LERAN AEER 3% & & 2 F 2 5. InfHRIRAT O KISEBE % 0, LRE%Z D
FOGHERRZ 1 &35 &, Fig 4-29 @ X 5 IR MICF v 7 BER I T 2RO KRIG
PEREIX 1.23/6.15=0.2, PGEITIANCF v 7 BAER E N T W0 2 IRED KIS 1-1.23/6.15
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=08 ¢t 5.

LEicowTERICANZ ETD C 27 OEmialz, Si a7 OO nhio = 4 v F — il
% Fig. 4-29 1R 9. JEKL 72D D% Fig.4-30, Fig. 431 1R T. 7 vy MIFE 3 ECHE
L7ZBREDZ AL —DIETH 5. C 2 7 DAL ABE T 2B = 4L X —fhif % 52
¥, Si a2 7 OIS E) T LD AN F —FRZ WAL TR L T b, KEDMNTT
EHEEZ AL X —Z2BHTE R 272D DIFANL TR,

TN XY ERAHER - DEERIC BT 5, TAAMF —[EEEA EE L - a v ¥ — iR %15
b7z 1g 2y, REAMGERTIE C 27 DFGHRAL DT AT A4 F —FEEEAV/ NI v iTHf L,
ZNLANTIE Si a T DA DT AT AN F —FEREINI WL WS 2B XL mh 5,

6.15 nm
1.23 nm

Reaction coordinate:

Fig. 4-28 Arrangement of atoms when reaction coordinate =0, 0.2, 0.8, 1
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Fig. 4-30 Energy curve of d = 0.25, 0.50, 0.75 nm adopting activation energies (enlarged)

Paran

45 EE

A4 T T AHD> O DOEEECEH L 72 KO IR

and dislocations

——d = 0.25 nm (C core)

——d = 0.50 nm (C core)

——d = 0.75 nm (C core)

——d = 5.0 nm (C core)
d = 0.25 nm (Si core)
d = 0.50 nm (Si core)
d = 0.75 nm (Si core)

L x\‘\‘ d = 5.0 nm (Si core)
i N TN e d=025nm
e ® d=050nm
L A d=075nm
W + d=50nm
0.0 1.0 2.0 3.0
width of dislocations [nm]
Fig. 4-29 Energy curve adopting activation energies
d: distance between terrace
\ and dislocations
\,\ ——d =0.25 nm (C core)
- ’\‘ ——d = 0.50 nm (C core)
m\‘/ ——d = 0.75 nm (C core)
\\ d = 0.25 nm (Si core)
i N
i WYY d = 0.50 nm (Si core)
| d = 0.75 nm (Si core)
./\./\f".’ e d=025nm
- /("/./* ® d=050nm
L A d=075nm
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width of dislocations [nm]

d: distance between terrace
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4.6 fEm
175
d: distance between terrace
and dislocations
170 L ——d = 5.0 nm (C core)
d = 5.0 nm (Si core)
L ¢ d=50
= 165 nm
2,
>
>
2
w160 ,\,\
s | INN
150 . .
0.0 1.0 2.0 3.0

width of dislocations [nm]

Fig. 4-31 Energy curve of d = 5.0 nm adopting activation energies (enlarged)

4.6 FE5im

ARETIE, CH, SiHiiCHEWT, 77 AH» LA E COF#Ed ICEH L, < DRRED
BEAN D UG - BEARICE 2 28I DWW, TANLF —[REER R L 7.

CHICBWTIE, RIAMIH(d = 0.25 nm) TIZIGHERF D T 4 L F —FEEEAMK <, I A3k
REVDEZ VLT VDICH L, Z U TIHILRIFO = 4L ¥ —[REEDME {, JEERD 728
IOV T W rndol., £7, RIAMGEL TIX C a7 DGO A Si 2 7 DER
SUEAE X 0 SRR E K, ZNLINTIE Si 2 T ORI D ST BB AR VW E W
EHHHL T o T2,

Si HICHWTIE, C 37 DEEEALIC D WTIE C I & [, R 6E CIGE LR X
DHEZDLT W ERHL TR -T2, Fiz, REMITFHELIN T Si 2 7 DR D
BEEACaT L b RENE WS T LG5,

IS DFERIZ, G I1RA TARKRT VY v VRERE Lo T BERAE & —EL 7=,
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E58 ATV IHALTEROT I XE
ICERI AN - E T IV DEEMT

Ll

(1

SiC DB I I AE % 1T TfTD N % (Fig. 1-2) 2 & 2> 5, BPD O 1 FK M I H T v
5. - C, RMEHETOWMNOZEEZHL 2T 2720103, F4FECTHTbNE, T
5 A LA COPREE d 720 Th, ATy TR F v BERT B E T TR
B ICEH T3 HEAD B (Fig. 5-1). 2 CAETIE, HEE/IcEHL, 27y Fiihb*
VI BT BA0E F T OREEE 1 2SR Eaxd O W - IEERIC 5 2 2 B R fRIH T 5 7201
SOSHRESIENT %2 1T - 7=,

terrace step [0001] c-axis
L 2 . ::- l L
dl Y [fi00] [1130]
v
dislocation

Fig. 5-1 Schematic illustration of distance d and /

5.1 BT

Yial—vaVvET R Fig 52 I0RT. KT, A7y I EoET A2 FHL
oo ATV 7OEEIZ0250m, ThabbL1ILAY—HOEITHL. ZDETIIC, 30°
C core —30° Sicore # i % LB DT 7 RMHIH 5 OFAEED 025nm & 725 X ) IChE T
5. fEoC, WA Ok, AT v TOES L TEOT 7 AHICHTWE, AT v
7 5> DEEHEE | OISR ISR COMIRIBIC BT 2 ¥ v 7 2FT 2. ET VDK
X FyHm, 2 ARAICEALTIZ43 b D LTS 528, x HADE X I1F(11.6+) nm
i, BFEE L IC X > CETAERDL L OERLEDLL LBV EI, FVIPbRAT YT
oM ERE O E FTEDOT 7 RO x HFADOEX ZEOWE/ icswTdFHELL &
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X5 T3, 2070, HEEIAKEL RZICONT, ETAD x FADKE I1FK
T, TEROTI7AED x HAKEIX3.08nm THh 5, @IESMIZHBEERTH 528, %
NN OHEICB L T XCHENIRE LTEH Y, x HAaoMHsfix 43 cl3EsER
& L7228, AREEprcliimmR e L7z,

NRIRA=RELT, (1) ATy 7ihoF v 2 £ oL ) EAoIERw, 3) ¥
VI BERT B EEN OFEE, 4) ¥V 2 BERT B3RO 4 0% ED . (1)ICBE LTI,
HEE I 2B X% 1=07nm, 1.3nm, 1.9nm, 2.5nm, 3.1nm, 3.7nm ® 6 X% — ' TfT o 7=,
2%, Fig.5-3 10T X ) 7 SiC ofiiEE o€ 7 AER Lo c, ERw 2
SHEAL OFERE - JIANC X o THEEE 1 13%4(0.1~0.2 nm BB T 2 MUICHERE L 2w, QK
DWW TIIERIEZ B X % 0.67nm 2> 5 5.2nm F TIK2WT/3a,/2 = 2.66 nm % A8 % —
NTITo7z. 3), WICBAL T3 43 LFMkTH 5. KFOFFOMEHC % 72 1% Si M)
DWTIE, AT CIIIIREE L CRET 2 ¥ v 7 DE N A S 7 C DO A TfT-
7=.

fEHT IZF ¥ 7 @ nucleation DIEBFED & TITV>, HRIKEE, FARABIZEE 4 O Fig. 4-1 & AR
I L 7=,

‘ free surface
30° C core-30° Sicore

partial dislocations

vertical fixed (x direction)

z [0001] (c-axis)

: ky [110()]
step height: 0.2? nm < [1130]

(11.6+0) nm

Fig. 5-2 Simulation model

Table 5-1 Analysis condition
method CG (energy tolerance = 10716 eV/A )
NEB (force tolerance = 0.01 eV/ A)

timestep 0.001 picosecond
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5.2 FEMTHE 5

potential Vashishta

boundary condition x, y, z-: vertical fixed

z+: free surface

width of dislocations w

Fig. 5-3 Detail of distance /. The distance / can be different depending on the width of

dislocations w because of the structure of SiC.

5.2 FEMTHER

IO, A OIRIRIE w & EEL = 4 v ¥ — DBR % Fig. 54 1R T. 7T 71 A
T T b ¥ v 7 EKAE E COMEE A [=070m, 1.90m, 3.1nm OHFEHICOVWTE L
BHTW5, v 7 OERBPEEHIC SN TS b OIFER, JHRAMICE TV b Dk
B CRLTWS, 7ay bAINTWARWD DX NEB FHEAINEKE L o722 & AR
ThHhs. CaricksnTld, 43 LFAE CoOHE/IcoWTd, JLREw 2/ kD
&, Wi L R OTEHAL = AL F—DERKE (oo T 5. ZUTTshZ M IEH R EA
FeEZO6NDL, L2Ladb, 43 KB F5d=025mm THRIFETH 728, SiaTic
FLTEZoMERAITR S 7m0,

RIZ, ATy T b ¥ v 7 ERME T CoOEE 1 Ltz AL F— L DOB{R%E Fig.
5510k hB Lz, 77 73BN OILRIE w 25 w=094nm, 1.73nm, 2.53nm D6
ICOWVWTELEDHTWE, £F, CaTOHFHFHIICONTIRRS, C 27 DEFHEALTI,
PREE 1 2N X203 AR L JLERFFOTEEAL = AN F—DEDPNI K o T &) T
ED B, o T, HHBE I AN WERICIE, ATy T L DEEEZITTnE EEZD
N5, 72720, ERIEw &5 LTHIERT 2 L0525 X 5T, fRIEw 2V & »wE i,
PEEE | DFEDRNEI S o T3, 2D Ehb, HEAAAM/N - RS 2BICE, HHEE
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DI T 20D, ZOROIVEKRw ODEDOTTRIVRTELEZLNS., KIC, Si
27 DEFHALIC DO W TR B, Si a7 OFSEATl, HREE 125N 3 v 23 EIHER O
WALz AL F =20 L7z, LA LRSS, C 27 O OiE L= A v F— & xR
3 EEWETH > 72,

2.5 2.5 2.5
= 2 r < 2+ = 2 r
3 -\H—lﬂl 3, \\l-._m 3, :"1-._._._.
> . > o, . > ‘11 .
91 5 | o expansion @»] 5 L o expansion @1 5 L . expansion
@ ' ".D @ ' o [N O-
G o-o0-0-0 b5 \go-o-0 5 ?E—D_D
c .—’ﬁ—ﬂ-" = c - = c B Lo-O-
"% " el < '% T o’D—O‘O‘ i "% T o -
2 contraction 3 contraction 2 ° contraction
Z05 | <05 F <05 |
0 1 L 0 1 1 0 L 1
0 1 2 3 0 1 2 3 0 1 2 3
w: width of dislocations [nm] w: width of dislocations [nm] w: width of dislocations [nm]
[=0.7 nm [=1.9 nm [=31nm

--O-- C core, contraction —@— C core, expansion --{}- Si core, contraction ~—— Si core, expansion

Fig. 5-4 Relationship between width of dislocations w and activation energy. Si face, / = 0.7 nm,

1.9 nm, 3.1 nm.

2.5 2.5 2.5
E 2 F g —a—a—a—a E 2 r E 2 F
@ expansion @ L i o B S | P e
) —-O---O---0 [} ) ]
T15 | .o 4 S15 | expansion $15 | expansion
5 o contraction 5 g--o---0F -o--0--0 s g---Or--Or4 4---0--0
© © =
= 2 1| G000 | 2 =8=-8--5--0
N i -==0---0---0--0---0 o i O i
< [¢] < contraction < contraction

0.5 ' 0.5 : 05 .

0 2 4 0 2 4 0 2 4
[ distance from step [nm] L distance from step [nm] L distance from step [nm]
w = 094 nm w =173 nm w = 2.53 nm

--O-- C core, contraction —@— C core, expansion -{}- Si core, contraction —l— Si core, expansion
Fig. 5-5 Relationship between distance / from step and activation energy. Si face, w = 0.94 nm,

1.73 nm, 2.53 nm.

537 L= RDFKIC K BFHM

AT T, CHICEBWT, ATy Thme v 7 OEKMEZRME I & Lze %, Rk
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DSERRE DU - JEIRICG 2 BRI O Tz AV F—[REEA R L2, 22T, He®
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Fig. 5-6 Relationship between width w and Pcon: / Pexpn. left: C core; right: Si core
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WEATF Yy HETH->THITE AL L
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y
la
» x surface
ld
b= (b, b, b.)
dislocation

Fig. 5-7 Schematic illustration of a dislocation near the surface

hﬂagefome
surface

Oy, Wiy,

Fig. 5-8 Schematic illustration of "image force" near the surface. In the dislocation which is

not parallel to the surface, the shallower it is, the greater the image force is. The dislocation is

vertical to the surface in the vicinity of it.
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Fig. 6-1 Schematic illustration of macrosteps

[0001] c-axis

___________________________________________________________________________ -

modeling area 3 [1100] [1120]
terrace (upper) :

1 distance d
: step -

= partial dislocations height
Y SIS ! not
considered

macrostep terrace (lower)

Fig. 6-2 Schematic illustration of this analysis. Step height and lower terrace are not

considered in this analysis.
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‘ free surface

30° Ccore-30° Sicore
partial dislocations

.--distance [

z [0001] (c-axis)
ky [1100]
1120
(10.1+0) nm < [1120)

Fig. 6-3 Simulation model

Table 6-1 Analysis condition
method CG (energy tolerance = 10716 eV/A )
NEB (force tolerance = 0.05 eV/ A)

timestep 0.001 picosecond
potential Vashishta
boundary condition x-, y, z-: vertical fixed

x+, z+: free surface

6.2 FENTHER

6.21 CH

9, ATy TS o F v 2 ERMEE COERE | OFEIC O 5. FEEE 1 23 1
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Z 1L Z 1 Fig. 6-4, Fig. 6-5, Fig.6-6 IC"3. ZNENDKTIL, T 7 AMHD LEAIX FTD
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Fig. 6-4 Relationship between width of dislocations w and activation energy at /= 0.7 nm. C
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6-5 Relationship between width of dislocations w and activation energy at/=1.9 nm. C
face, d = 0.25 nm, 0.75 nm, 5.0 nm.
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Fig. 6-6 Relationship between width of dislocations w and activation energy at /= 3.1 nm. C

face, d = 0.25 nm, 0.75 nm, 5.0 nm.
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Fig. 6-7 Relationship between width of dislocations w and activation energy in d = 0.25 nm,

0.50 nm, 0.75 nm, 1.0 nm, 1.25 nm, 5.0 nm when the C core dislocation contracts.
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Fig. 6-8 Relationship between width of dislocations w and activation energy in d = 0.25 nm,

0.50 nm, 0.75 nm, 1.0 nm, 1.25 nm, 5.0 nm when the C core dislocation expands.
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Fig. 6-9 Relationship between width of dislocations w and activation energy at /= 0.7 nm. Si

face, d = 0.50 nm, 0.75 nm, 5.0 nm.
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Fig. 6-10 Relationship between width of dislocations w and activation energy at /= 1.9 nm. Si

face, d = 0.50 nm, 0.75 nm, 5.0 nm.
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Fig. 6-11 Relationship between width of dislocations w and activation energy at /= 3.1 nm. Si

face, d =0.25 nm, 0.75 nm, 5.0 nm. No data in C core expansion, w > 1.73 nm in d = 0.75 nm.
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Fig. 7-1 Simulation model

Table 7-1 Analysis condition

method CG (energy tolerance = 10716 eV/A )
NEB (force tolerance = 0.01 eV/ A)

timestep 0.001 picosecond

potential Vashishta

boundary condition x, y, z-: vertical fixed

z+: free surface
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Fig. 8-5 Molecular dynamics simulation of partial BPDs - TED conversion (case 1) when t =0,

47, 97, 147 ps, view on the face of dislocations.
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Fig. 8-7 Molecular dynamics simulation of partial BPDs - TED conversion (case 1) when t =0,

2,7,12,17,22,27, 32, 37 ps, view near the vicinity of the surface
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Fig. 8-8 Molecular dynamics simulation of partial BPDs - TED conversion (case 2) when t =0,

47,97, 147 ps, view on the face of dislocations
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Fig. 8-9 Molecular dynamics simulation of partial BPDs - TED conversion (case 2) when t =0,

12, 27,42, 57, 72 ps, view near the vicinity of the surface
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Fig. 8-10 Molecular dynamics simulation of partial BPDs - TED conversion (case 3) when t =0,

47,97, 147 ps, view on the face of dislocations
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Fig. 8-11 Molecular dynamics simulation of partial BPDs - TED conversion (case 3) when t =0,

12, 27,42, 57, 72 ps, view near the vicinity of the surface
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