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7772 3 KHE (C) JRTDOHNOHERISND “RITWETHY | BENTZEX
(PR BB G2 AT 5, 2004 EICT T 7 = > OHEEL MMERRE S
NWCLIBE, Z 0 20 4T, 7T 7 = VB L CIERIC SISO 2806 2
BRNTE, 797 2 AMNEFEDO—IC, RILZ A 5 (SIC) B RIEND 5,
ZOFETIE, FHfRIED SIC BAERIER B2V 7 7 = VA EERE R TH D,
SiC Fethi E7' 7 7 = 0%, Bl IXBE(F D 5G 15 & LInl 2 m il EhE )N vl B 7 i JE 3
TIu T R UAZIIREIND KR LY =7 2D BBE S U
TWb, £/2, 777 = V/SIC A mICHcEz L2 A F—L— 352 & T,
PNV TIRAFE LR WK D 28T “IkoeE 2 FRT 2 Z L b A[RETH D,

INHDOWFRIZENT, 7T 7 = /SiC ~7 v i OFR i3 K OV o A i il 8
DIRETH D, HlxIX, 777 = /SIC EREHWZmEET e 87 o4
T, /797 200% % U TBBENZOBENEZEAGT D, BB, S V7B
L SiC RORHIFRESL S T 7 = /SIC Rl OEEICRE S HEEZIT DT
D, ENHDJRF A — /)L TCORIENLETH 5,

Z ZCARELRITTIE, 77 7 = V/SIC ~T afiE Ol - ks o sl 4 &
L L, FOFEOHEBLORA =X LR B E T 5, BARICIE, SIiC
EROKRERE, 7T 7 2V OREFL . BEIORT T 7 =2 /SIC FimEiz g L.,
ZS DOFHIEMEIC OV TR S,

12. 57z o0& LY

T 72 rBIONT T 774 FOREIR#EE % Figure 1-1 12T, (@IZRT X 912,
777 2 0% C RO RICES L IR E ThDH, DT T 7
YERBELICLDONR, OIWIRT 7T 774 FThDH, Geim & Novoselov [d 2004 4
7T 774 oD T T 7 = ORBER L EDESISERFELZHE L], £
DFRLOBEENENG | 2010 FIZ ) —~NWYEPEEZSZE LT, 777 = U3HIR
TIEOWE ToH D 72705 & @ ORI EE AL PR EME 2 R D | RO\ T F 7
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T U FIEERETCIREEACME S T2 FR LW [2], AT, 777 = I35 E
TR A REE IR T A EW S v U TR BN CIRER S5 BLRIEWD M A R T,
(b)

Figure 1-1. Crystal structures of (a) graphene and (b) graphite. Each blue ball represents C

atom.

777 x O/ NG % Figure 1-2 ("9, 77 7 = U3HiZ2 /] O Brillouin >
— D K BUIZBWT, Dirac 22— &M DB 22 0 BBtk 2 £F>, Z @ Dirac
a—OTEMIE, Dirac A& 5 WIFEM PR LTINS, 22T M impET
N1 81T 5 Dirac FREXEZMHES 2 & THON D, EHE)E p=hk TEZ)T L ILE
B om DR FOTIAX—F, KHEL ¢ LT5 L, e=/m AP ThHEAZbND, =
ORIZEBWNWT, HEmEEr L L EXDOZRLX L, e=cp|TEIND, 77
T2 IR D K FATEO NN Rid ek OMIEDERFSZ LD, T 72
FOEF T, EEE 2 O Dirac ki 7 L FEEN 5, B BOFECTH H KX 72 Fermi
WLV IERS, LD 1/300 FRETH D Z & DNFERINCHE SN TWD[4-6), 777
= > 200,000 cm* Vs B2 DD TEWF v U 7 BENE[7)IL. Z DK E 7 Fermi
HEIZER L TWD,

Figure 1-2. Band structure of graphene [3].
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1.3.SiC DfERIEE L ERFEBRE

RALT A 3 (SiC) 1, SilZl_TARY Ry v 7 BMRESR I X OERkE
BANPKEVWETHY . Si IR SHFEERMELE LTHER SN TS, BIRIIC
X, SiONRY RF vy v 713 1.12eV THDDITHK LT 4H-SIC 1L 3.26eV TH Y, *
. SiC OHEfFIEEESR X Si D 10 [FRETH H[8,9], ZDI=HIEH, SiC (F3V
—T L7 hua=7 ZAOFHEMELE LTRSS AVWDOND X912 oTE, —fHlé L
T, SiC Z W E N EMBE T2 L > T, ERD Si N—ZDFE A KIE 72 /MY
b, - BEIMEDEBRE L 72 o 72,

SiC NU —F A 2ZDHLE TRRIX, /i LR &% LRI T 55 ([8,9], Al LT
X, F7 SiIC BRZEEE L TRSEREEITV, SIC A Ty N D, Dk,
SiC A>Ty haATAALTY =& L, BEWIFERS L O ETE (CMP)
XD U= "FEHE2 LT 5, 20X 9L COEEL LT = ~NFHIZH L
TEDHIZSICHED T E X F v VR ZITV, 77— FMRILEIE R A A A%
BT, Ve hIZEZEOBEBFRIE 2RSS, HTETIE, ZOSICV = ZZA
VT Ko TTF TN . VA YR T 4 TR T 4 T LT
NHMBER T, Ty T\ r—U~EAT D, 22T, 7231 AEHEOEHEME
GRS D72, BT LIRIZEIT D SiC U = OMHE T TEE @R D7 < o
VIR RMZ2 R/ LMERND D, ZD7H, SiCDF ) A— MLV Ar—/L TORBIE
REHIE N EE L2 D,

SiC 1% 250 Ll EORER LA FF O Z E BN LN TVND[8,9], D H LR
b E LTIEL, SHFEO 3C-SiIC, ANEFmD 4H-B LW 6H-SiC NEET b D,
Figure 1-3 I2 26 OfEdEIE 2~ T, 7ed, AmCH Ofs G O/mIIx, =
Wt AR S 27 & VESTA ZH L72[10], b oL, Kzl T A
TRLE SiC AL VLAY —DHEELIE D LS TS, £lo, TRLHDOZHD
HEWE, Si-C A LA Y —OfEBIEFICH 5, 3C-SiC DA, Si-C /S LA ¥ —
IX[111]15 11 ABC B &R NET 2 #f>, 4H-3 L O 6H-SiC DA 1%, [0001]77 7]

IZZ 24 ABCB 3 LUV ABCACB DJEFTHRET 5, 26 ORI SiC 1 c il
FFIANCARPE 2 B (0001)f 1E Si 7. (0001)HE L C FFIc X v s hizbo &

TEREIND, TDOH, ZALOKMEIL, ZAZ SiEB IO C & bR

IRy
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s, SiCHONY—T L7 br=27 ZEHIZEWTIE, MoRhia AU~ T
Y R¥ v o B LIOF Y U TEBEBIENKE < REBEHIEOR S 722 4H-SiC(0001)
BT 2 B HWLIN D 2 ENL 0, KGRI TIT TN TOERICI N T, 4H-
SiC Hifdh 7 = ~E I L TR 7o/ T &2 S e LT L7,

[111] 3C-SiC [0001] 4H-SiC 6H-SiC
‘ (0001) (0001)

A~ B A ~

C A C oS

B < B Bé

AZS Ce A

C B B¢
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AL B A -

C Ce C o8
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Figure 1-3. Crystal structures of 3C-, 4H-, and 6H-SiC. The red and blue balls represent Si
and C atoms, respectively. The Si-C bilayers (highlighted) are stacked in a specific order for
each polytype.

LITFTld, 4H-SIiC EHROERFRICOWTEERT 5, —I2, R mEE
%, Figure 1-4 |k T XL D10, AT v 7T I ADLHEREIND, SiC DEFAIT Si-
C A VLAY —NRZEOHEBEAMTHY . /DDA T v 7 &SI 0.25 nm Th D,

Figure 1-4. Schematic illustration of the step-terrace structure on the 4H-SiC substrate

surface. The Si-C bilayer with a height of about 0.25 nm is the structural unit.
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fEE MBS L7 & & | RIEREFOBENZ LW, 2T v T OEMPBET D,
DEDAT y TOEEEENM O0OBB TR >G5 AT v RN EE D
ZET EVEWRAT v IR END, ZOBRRITIAT v TN F o7 LHTR
H11,12), AT TN F U TITIE, #ix RBERDBAET 5, #EmNRZER & L
T, EME I TORMY OHERES>, Ehrlich-Schwoebel F&RE & FEZV D, AT v
D ETFTORT ¥ VOISR T 22002 b5, B 7R 70 2R
ELTHERET RNV F—DEVNLRET O, R RLF—Zi/MET 572012,
ATy TEEEE S ZEN A U D[11,12],

SiC(0001)Z 1 TlE. 1200°CLL EDIRE TR ESCRIO = v F 2 7 %217 9 B
W2, AT IR F U TR ETDHZ ENMBIALTWAH[13-15], LA T, SiC iz
BRI HRERIC LD AT v TR F U TIZOWTHIITT %, Figure 1-5 12,
4H-SiC D AT v 7'-F T AEIE O Wi X & A~ T,

Figure 1-5. Schematic illustration of the step bunching phenomenon on 4H-SiC induced by

the difference of surface energy.

(000)FRMEIZH 7212 Si-C A LA P —Z M2 DBEO =R NVX—FAL AU = E[ET 5
&, 4H-SiC(000 1)K A1 2 ORI = RNV XF —ZFFOT T ANFIEL, ZLD
1% 4H1 B LV 4H2 7 T A LT 5 [13,16], Si-C /31 L A ¥ —[aD M BE/ERH A
WL EDTZRNX—% Ey T D &L 4H1 7T ATiX AU=Eo+2.34meV, 4H2 7 7
A TIX AU=E-6.56 meV TH D, ZDX I REMT LT —DENDTZOIZ, INEL
DEIZ, BT 226D Si-C A LA Y —DRAT v 7 OEENRE I ENE L
Do TOFERE LT, 200FEE025nm DAT v I REE->T, EHE0.5nm (half
unit cell height: half-UCH) D A7 v 7~ L2513 %, Half-UCH A7 » 7 %Mk %
Si-C /3o LA ¥ —Id, AB £721L CBfH/E 2 Ff>, ABB LU CBIEETIZAT v 7
Ty VICBITLZ LTI TR ROBMPERLLT-DIZ, half-UCH A7 v 7D
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EEHEIZZNAE T D, EODH, ZAHO half-UCH A7 > 71X, & 512 1.0 nm
O S (unit cell height: UCH) %2 FFD AT v T ~E R F 2 79 5[13],

Figure 1-6 |X, AT v 7N F U T ORERIMRICI T D, SiC FM R i o HiAR)
7R JRF-TE D BEE (AFM) 2 TH 5[17], /2D AFM 1813 CMP ALERT% D SiC B
HCTERAELZLOTHY, REICIEES 025mm DA T v 7 OARENRLND, AIZ
IRT AT TN TF U TFREHRDO AFM 8 Tlix, RilIZ UCH A7 v 7 ORDBES
NDFET ATy TEEINEL DI LIt T AT TEEIFET LTV D,
BT HE I, ZNDHDART v TOIEREDE S L, SIC /XY =T /31 ZADAE
WO T T 7 = U OMPEICRE % KIE T,

0.83
nm

1.70
nm

/

0.70 1.40
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0.50 1.00
0.40 - 0.80

0.30 0.60
0.20 40

0.00 & SO o:oo

Figure 1-6. AFM images of the initial SiC surface after CMP (left) and the surface after

o

step bunching (right). The scale bar is 2 um [17].

VT, on-axis 3 & WY off-axis @ SiC 7 = /NI DWW Tk %, Figurel-7 (2
WZRT LT, SiC V=N ESIC ATy hEFESATARATHI ETELNLD,

Off-axis

Figure 1-7. Schematic illustration of the manufacturing process of on-axis and off-axis

wafers.



R & {0001} R FATE R D L IIZATA AL TELND U =/ X, on-axis V=
NEREND, ZHUCKE L, FREDF IR ZENEN ST TATIA AT H D
ETHBIND T =T offaxis U = NERRTIL, Z ORI & BRI, T
ENAT7HMBLOA 7 AL LTINS, o, HIEITIT on-axis 7 = NTEBWT
b 0.2°FRE OMUNRERIAENTFAE L, TOAEIII ATy M EMEN D, —f%
|2, on-axis 7 =/ T, off-axis U = NIHARTRETORAT v FHEEDME,

LALENIC TR T2 L 212, SICEMKR EV T 7 = 2B WL, 77 7= D%
KIEHIRERERDO AT » T OESIZHBlT 5, D7, SiCBGEIC X D7
77 2 UREIZBWTIR, AT v TEEO/NZ on-axis U = A0 BEIY L7
WAHNEND Z ENREV, — T, NU—=F 3 ZBGETHRIZEIT 5 SiC # D
TEX XY VR TIE, MRS E SIS NTERT v T T =R EEIT I 2,
ATy TEEDRKEZ W off-axis U = EHWD Z ENEZ, IEFEO— IR T —
F XA AFIRICIE, A7 HH[11201718, A4 7 A FE 4°0 4H-SiC(0001) ™7 = A
HIVTWA[L8], ZD X HIT, on-axis 7 =/ & off-axis 7 =/ E, H@IZIG U T
Wl b s,

1.4. SiC B9 REXIZE DTS5 7z VvEBE

7772 DERERFIENZI. 777 74 MEdD O OBAOFIBEE, filii e
B b~ FERAMR R L, B KO SIC BVrfiRiEr & %, Figure 1-8 (213, SiC 2
IR X % 75 7 = VR ORI AR,

Figure 1-8. Basics of graphene growth by thermal decomposition of SiC [3].

SiC Mz BZEh H DT Ar 72 EOARIEME T AR HIZHB VT 1300-2000°C D
FHRTCINELT 2 Z & C, Si JF IR EmN HELRICHBEL, 7 L7 C JRT
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INEHTY 77 2 BT 5[3,1922], Zhick V., SiCHER EICEES T 7 =
VINRRET D, AT TIE. /9 720, SIC, BLXOWAEOREEE G TR
., VT 7xUSIC~TafEE L ERT D,

3eVIRREDNY RXy v 7 ZFDO SIClE, 777 =2 OBESKIREIC L > TE+
SINTHERRNE & B 728 2, € - T, IR g SiC 7 = &2 5 Z & T Sic k
757 2N L BTN ARERTE 720, SiC BN RIEIIT L7 hr =7 Rk
HIZE LT\ 5,

— I, ¥ VT =7 D77 F 7 = TliX Dirac /57 Fermi T 1%L ¥ —|Z)L
BEL, 2OV KXY v TBNFEELRY, TDD, V7724 « F781E
EMBLT LT UINAAL T U BT AT2OIE,. 77 7 2 T R
Xy v 7E2EATINERDD, —FH T, BEOEZEICHNOND T+ 7 E&E
WhT o PRAEZTE, WAy - A 7N T LHHETRY, £72, TO@EEE
FEWTKRIIS T 2 HEWT R fo 1350 v U 7B EIE o L HBIRRERDL, NL A UEE
Voo TXYRNVRL ETDHE, f=uVy2al> CREND, 7T 7 =V IIAREMICE N F
YU TBEHELZGT L7200, 7T e @mElE N7 o P AZIESIC E7T T 2 DIl
0BT o 5[3,19-22],

Flo, V77 2 TR ZEIIN L2 BRIZ, BT Hall RSBl S 5[],
SiC £7'Z 7 =Tk, B5IZxt LT Hall #PL—E D% & 51 Hall 77 K
— LR D D MBREG ISV 2 & R STV S [23], 27, SiIC BT
7z, BREPIOBRN Q ZERTDICOOEFRIUEEL LTHHVWLNRD
[24], ZDIEN. 7T 7 = URESDORUK F OWAEIZ X 2 E KB O LA FIH
Lo, mET A o — Ol b W S 525,

2T, L3EICEHE LY . NTFEh SiC FEMRICIE Sid & C o 2 FEREE O fR
M AMFIET 5, Figure 1-9 [IZHERAIICRT L HIC, ZNEFNORETRET H7 7
Tz ORFBIIRES E R LML TS, LAFIZ, Sim EBLVC EE
757 2 AZONWTENEIREIT D,



(0001) Si-face
S

"""’ SI face graphene

i 1121

4 4H:SIC A

“g-B-0,

possly

000
o, 0,0, C-face graphene

(0001) C-face

Figure 1-9. Schematic representation of graphene grown on the Si-face and the C-face of

SiC substrate.

141 SiAET 57 VOB

Si f BICET 577720, SiC DO00D)EHIZH L T e X %o v /L4
LEELNTND, Si il BT 70, SiIC ERKREDOAT v 7 &lme L
layer-by-layer SN THET 5720, VA7 —)L TORBEHIHEATEETH 5
[3,19-22], = D7, REFEIZIE > T~ i—FH 7 7 7 = VR RET 252 &0
AETHY, =7 b= XEHIZE L TWd, EEFIZIE Simmkr 7 7=z
ERWET a7 @R T o U AZIZRBWT, ERTE S 300 GHz FREE CoHE)
VERRE SN TWDR26] BAEHAWSLNTND SiN—2AD F T VP RAZICBIT 5
e BT R AT 40 GHZ FREE T V) | B\ Z [BhEE9~ 5 72 6h | % 133 GHz TEMES
nNTWb, £oT, Sia 7770 2H\5Z LT, BEfFD 5G i85 % 2 #r L\l
B AR O E B O EEA PR TE D,

Si 7 7T 7 = O % Figure 1-10 ("7, TOREIX. 77 7 = /SiC
S, Ny 77 —Jg LI D EDFET S Z L Th H[3,19-22], ()l ik
EFBMEEG TIE, SICEKR BIZ 7T 7 = v BROEIRO = R T X RRR BN D,
Z 2T AMOEARKIZIBWTRAITR LI L 12, 777 7 = »/SiC Stmicid C i
FICE VRSN DEHNHFE L, LISy 77y —BEMEIND, Ny 7
7 —J81% SiC(000)EH D FHMEME TH Y . (b)ITRT L HIT, SiC DHAEE 613
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fi% L C 30°[0l#s S B 7= K 7 &2 FFD, SiC O EEIX3.08A THDH=d, Ny~
7 —JB O EHIT 6\3x3.08=32.01 A TH D, ZHiE, 7T 7 = O E$ 2.46
AZ BELIEME3198 A LES<AHEI. Ny 77 —f@Hho—Ho CJRFI3 SiC Kx#*K
EO SiJfT- LA EZROD, FOETFHEGER LW, KEWCs 57
T DEND &I D, EEE. Ny 7 7 —J&IX Figure 1-2 |28 L2 E 0 BUA FF
72720 27,28], BN EITT DL, Hil-e Ny 7y —@Rb oy 7y —JEL
SiC OMIZIEREN, b DNy Ty —JgIZr 772 b, TO7D Siif L7
77 = 0%, SICIT®F L THIZ 30088 L7 T & £,

R T
o’ozo'.ozo:

9200 IS 0SE
‘.‘o’o’o‘o’o i

Figure 1-10. (a) A cross-sectional transmission electron microscopy image and the
corresponding schematic structure of Si-face graphene [3]. (b) In-plane structure of the
buffer layer on SiC(0001). The unit cell of graphene and SiC is shown with the red and green
parallelograms, respectively. The orientation of SiC is indicated at the bottom left corner. ©
IOP Publishing. Reproduced from R. Sakakibara, et al., J. Phys.: Condens. Matter 35,
385001 (2023), with permission. All rights reserved.
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Figure 1-11 12, 797 =B LUy 7 7 —E®D Raman A7 ~L&7R$[22],
REDART ML, Si il E7 T 7 = RO R CHS L2 83y /e 27 K
NTh D, FODANRT MU, D AT R D SiC RO E 527 L5
ZHDTHY 1580 cm™ FEIC G232 R, 2680 cm™ f3T1T 2D /N R EMETND |
T 72 REOE— B LND, £ 7T T = U HICKRGDFET D5 AT,
1350 e fHT1Z D N> RSB 5[29,30], 2 2 C. 1200-1700 cm™ T 1235\ T
FEBOC— I b b 7 u— RRREA RO, ZUd Ay 7 7 —JgIicdsk
T3], 72¥B. SIC R BTNy 7 7 = OHPER LA OS5E TiE, fke
DAY "D X I T 7= HEOE—27 1360, 1200-1700 cm™ £+ D
T u— RO BN SN D,

|,

Intensity (a.u.)

i

1000 1400 1800 2200 2600 3000
Raman shift (cm1)

Figure 1-11. Typical Raman spectra of graphene (red and blue) and the buffer layer (green)
grown on the Si-face of SiC. The blue spectrum is the result after subtracting SiC component

from the red spectrum [22].

Ny 77 —BIX, TOLEWET LT 7 =0 OBEXLERER L O IRREIC
WL RITT, BRGAEAEICEAL TR, Ny Ty —BDOYE— 7+ /) Uik
HICk-o T, 797 =00 v U 7 BENEITHE RRERFEN 27 7721,32], BiK
AIIZIX, Figure 1-12(@)IZR L 91, i\l y 77 —@aFK>SiIC 777 =
DEFBEEIL 20 K TIX 1800 cm?/ Vs F2ETH 5 DIkt L, =i 300 K TiE 900
em?/Vs B £ TIR T4 2[21], UL SIC BV T 7 2 OFEFT 31 ASHICEE L
TRA B E L2579, BTREBIZEL ORI Ny 77 —BlE/ 771

Efr
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v i CTd 5[22], Figure 1-2 (2R L7227 T 7 = VR ORIE S E0N . BRBRICH122
SNTWb, 777 = ® Dirac AT Fermi = 1 /LF¥—125F L THI-0.4 eV DN EL
fFIEEL, 7772 NELFR—=7INTWDH I ERb05, D OERERT
Ny 77 —EBOFEICRE SN REHELZ S22 T /7720 0FE
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(a) 0.0t(b)
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Figure 1-12. (a) Temperature dependence of the mobility and the carrier concentration of a
Si-face graphene sample [21]. (b) Typical ARPES spectra around the K point of Si-face
graphene [22].

TR, RE EFIES v U T BBER T 2T 2720 OFEO DL LT,
REEEOLENENTH D, 2009 412 Riedl Hix, KFEA v H—hL—vark
FEE 2 R el FiE 2% LT-[27], Figure 1-13 12, Z O FHEOHIEX 271,
i, Ny 77 —@E AT 5 KE T AT I T T00°CHEE TMEL
THZIET, Ny 7y —JESICHE?D Si i1 E HR A &mL, Ny 77 —E%
SiC FWREKH N LYW L Tr 77 = b D5 FETH S,

Buffer layer Graphene
700°C
- m
Dangling
® S e bond

Figure 1-13. Schematic diagram of hydrogen intercalation [27].
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KFA L E =T =2 a AT TERBITIE 7 7 7 = V/SiIC FURC Ny 7 7 —
JEPFAEL 72N, 77 7 2 OF % U T BB EILRE LRI Tl A VIR
TLARWB3, M- T, KBS F—DL—va i, T ACHEAME Lz
777 x VISIC ~T aiEEERIC b Te > T TN R FIETH 5,

Fio, KBUSNOER A It ThA U X —H L —ra VIFARETH H, T K
0. 777z /SIC ~T afEEOREIZBW T, 7V 7 TIHFEE LRV D 728

CRCENMERTE D RN D D A I L — g IR o TRET
RICHINTELAN L7l oe 3R 13, PHCIADIRIZ Lo TV r IR R a2 ~T 2
ERHYE TS RICE ST T 7 = OWME L ERT DA N D H[34,35],

k. Simbs 77 2 o OBEBSUBEERMEIX, Ny 7y —BUANDOERIZL > TH
BEZT D, TONFKHNL, SICEREFRD AT » 7 TH D, Figure 1-14 (Z-7
X AT A EN T I 7 2 R RET LB TNEELS L, AT v TR E N
FE, V77 2 DBEBSEIORELSRD I ENMBILTVWH[36-38], 76> T, Si
WE77 72 OBBEZN ESEL7201I21E, 77 7 = 2/8iIC ~T a iz
T, SiIC EBRRHDOAT v T HTELHIETF VR, MOEOREETEDHETKL
THZENEETH D,

IIIIIIIIIIIIIIIIIIIIIIIIlIIII

O Exp.
------ Model 1
Model 2

AW e BT A SR T
1 T 1

0.0 0.5 1.0 1.5
hy (nm)

Figure 1-14. Effect of substrate steps on the electric transport of the overlying graphene [38].

142.CEHLET 7 0O H

SICOCiEi L CHlET L7772 0%, Sil 7T 7 = I3, A7y
TITTERLS T 7 ANT ORI L, 21 ORI/ NS W LA A X THL
£9 5[3,19-22], Figure 1-15 (2, &= /¥ —8E FBMEIIC L 2 1A 72 C m L2
77 = VREIO R E OB AR Z R T[39], (DB TIiX, B 20 um OB

- 13 -



T, Bpm ORE S ZFST VA UREHAOND, ORI EFREROT L
F—IKFETIL, S5eV UTOZRAX BT DT 4 v TOENR T 77 = DE
BT T 5, 7005, @QOGPOMEEA TIE1E, B RBIOC TIX3JE
DITT72DELTCND, ZOXHIC, CHETT 72 OBEIIAY—Th
HZEDPND

\(‘tj)\‘//[)
C
\/\_/\/B
\/A
1 3 5 7

ENERGY (eV)

Figure 1-15. (a) Low-energy electron microscopy image with a field of view of 20 pm
obtained on a C-face graphene sample. (b) Electron reflectivity curves extracted from the

areas A-D in (a) [39].

MAZ T, CHEFT 7= SiCHERDOFMBERIT, —DICEE DRV & A
LBNTWD, Wz 5L, Cli L7 T 7 = i3kkx 22 mNEEE /A 2 F5D, Figure
1-16 12, CH 77 7 = kD ARPES JIlERE R & 7~ 97[40], (a)F L ObITRT
FET RN X —hky T, MRS ANCHIERBEDO SN R ON D, X, 77
7 = UM T IR A FE O 7o DI 2RI T 6 BIRFROD N RO
FEET D Z EICHkT 5, FEZBE, ()D E-k 3 ERICBW TS, 5D Dirac =2 —
URBE I TV D,
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ENERGY

AL N 0 20 40 60
-2 0 2 Phi (o)

Figure 1-16. ARPES constant energy maps at (a) 0.5 eV and (b) 1.4 eV below the Fermi
energy. (c) A circular cut through the two dominant K points, showing the E-k dispersion
[40].

IIC.CHEDERET T T 2 TIET T 7 = U EEOMBERRTIN DI,
FNENDRBNRIE Y T 7 = LARRICIRD B S L OREDNH H[41.,42], FEEE. (0
IR L7V Dirac 27— b 2 JBLA LD 75 7 = VA O R 72 43k 21]
EWVWS XV LA, BB T 7 = VEA ORIEBITEWREEZ RO, S 51T,
Dirac 7% Fermi =R /L X —iEfHIME L TWAZ b, Sif by 7 7= ThR
BNDEIBREBETR—TNEEALERN LR, 2L, 79 7=k SiC
RO AEAEH D HIAEINZ L Z2RIB L TV D, ZAULORRIT, Cil 777
=B SIE R T 72l B TNy 7y —EO LI, FIICER SN DR
BEZRIZRWI L ERARIOLDL ESNTWD,

ZOX DA Cil BV T 7 = L 1E, 150,000 cm?/Vs (238 5 IEF IS &
YUTBHEZRTIENHLHM43] T, MO TRWBEIEZRTZLbHY, &
SKUGERHEO BRI, 72, ZLA A ROKRENWT T 720 ZETD
FIELCEN AR & il 9 25 FEDHEL STV eWnWedlo . Cl by 7 7200
TV hu=g AR E~OISHIZREEE S Tnb,
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1.5. XARDEB

LI 7= K 902, SIC MM BT 7 = iF, JERERRSE &S BB o BO57 o#s.
MWHERTHD, TDO—FHT, TDJ T 7 x/SIC ~T a &I T HHEHIHEIC
BIL T, W O OBENE->TWD, SiH LTI 7 2 TlE, Ny 77—EDY
T T3 ) UHEICE ST T 72 OF v ) T BEIENEE LRI TR
T4 570, T ZEHICH > TR EMEE WET 2 0ERH D, AT,
SiC EWBREHD AT v T NENEZTD LE2WET D77 7 = OBLIPLAHEIN
THD, 777 2 RROENBENE ZIEDT 72012, HRE O b2
Fho, T MEEOA X —HL— a3 NlL->TF T 7= /8iC HmickEx
R IR T E R ERCE DN A X — T L—2 3 VORER A T =X ATt
FRITELIWZEBR DL ERBXONATD, ZOFEICHGORMYEH S5, CH LT Z
7z DEEIE T VA YA AR NIRIEA & H T D FIEDHENL STV
ZEMEDOICHAEG T TV D,

ZDOEDIT, T T = V/SIC ~T BEEICBW T, Rifik L ORI O R A7 —
L TCORGERIEAEERREE WA D, £ 2 TR LFHCTIL, Figure 1-17 (2R3
WESRBNCEED & 7T 7 = V/SIC ~T mAEIEIZ I T 2 Kk L OFL O & i A
FHEET S,

Substrate Graphene rotation
morphology (Chapter 4)
(Chapter 3) l

l I AN Interface
T <= modification
SiC (Chapter 5 and 6)

Figure 1-17. General outline of this thesis.

AR TR, ETHEWE TH D SiC RO EIIBIEIZ DWW T, ZOH =72l
WFEERET S (B3 H), wIC, BRHREEELFFO SIC o C m ks
T7xvEMEL, TRNETHELEZONTEZ C W Ey 77 = ORERAD
FHZRRD (B4, DI, SiHEST 7 =2 ORESLE FEOREFTH
DKRFA L H =T L= a3 NTONWT, EOWEI AN =X L0822 BiES (8
5%), £70. LORBEWMIC, MTFEOA U F—T L—3a U K D ETH RSO
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WRHITH (FoeHE), ZNOLERAELT, RFEORMNE, 777 = /SIC ~T
R EEIZ 38T D Kl - R EHSEHE FEOR B L OE DA =X LDHfFEL T 5,
A LR SCOWBIILL T OEY Th 5,

(E 1% S Tk, £/ 7720 BLUSIC IZoWTHEESCHEEZ BN LT
9 Z T, SICEGHIEIZ L VGO ND T T 7 = 2/SiC ~T v i OFF#s X OFRE
EE LT, FRUCESE AFEEOBEZFL LT,

(%5 2 3 FEBRIE) TiE. ABFRICET 5 EE R UEHERLG 1L & -l 7220
THEk 3 %,

(%5 3 % 4H-SiC HARKRIHIZH T D AT v T T R F U 7815 TiE, SiC Fik
R CHRETDAT IR F U TOHWBRTCOHDLAT v T T N F o THIG
[ZDOWTHRIT L. SIC RETERB OB 72 22 HIH FIE AR T D,

(4% Ciii b2E 7T 7 = OEEEARIE] TiX, CH LY T 7 = OEiEA

filiE A2 HEE L, fRx et 7 WM & A 7 M4 R 4 Ff off-axis BARO C i RIZ /T 7 =
VIR EAITV., EN O OEERA S DOE T D,

(ES5E KBA L F—IL—2a VOWHRMA D =AL]) TiE, Sim k77 =
NIBIT L REEELE FIEO—DOThHOIKEA X —hL—Ta lEHL, %
DRI A T1 = X O PRI [0 72 FEBR & fRAT 217 5,

(563 7T 7 =/ ZIRIEE/SIC ~T uiiEDEL L 2 0 RiaitEE] Tld, 75
7 = V/SIC REICBIT D8k Fe) OA »H—TL—3 3 V&R, 7NV T TIHFETE
LSRN, 7 7ot & Ff o 7o ZIRCE ORRZ1T D o

%57 % RS CIREEEZ T LD, AELRIUERIET D,
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$2E REBRAEK

2.1 AHERAE
2.1.1. SiC EZARDBETLER

RIFFRIZ BT 5 FEBRITIZ. N F—7D 4H-SiC(0001)3 5 M (0001) Bk 5 ™7 =
FMIZ CMP ALFRZ Jifi L 7= = C 5x5 mm? [ZYI 0 H L= b D& F e LCEA L7z,
F3E, FSE, BLOE 6 EOFEERTIL S #&umD 0001 %, 5 4 EOEBRTIX
C #&IHD0001) i & V=, FERFREIA B LA a2 RET o720, =% 7 —
VBIOT & bR THERTERZITo72, TO%, REOARBILEZERET S
728, 20 vol%®D 7 v ALK FEWKEHRIZ 15 4y MFE IR IE LT,

212.  KRTvFT0E

%3 BB LU 4 EOFEBRTIL, SiC EhFRmOiEE bl L OEEbozd, 7
77 = UIRANIKFE T v F o 7B AT o7z, £97, 2.1 LENIE L7 FIE TRiTL
AT o 72 SIiC A, I —F B TR ORIRELINEYF SR1800-D1 (ZHEA L
2o WIT, JFNE X —Ry 1R 7 (TMP) 12X - T 1x10% Pa LLF & THZEF| &
L. 4 vol%®D Hy 251 AU IRA T A Z KRGEE CRET 281Fx 2 BT 72,
Z Dk, KRRIED Ar/Hy 7 A Z & 0.1 slm THE L7228 5 HEAMRZ 1100-1650°C T 10—
60 INET 52 & C, KFEZ v F U T E T 7o, INEVE T IZBRGANC
KRB mAI LT,

2.1.3.SiC BPREICE BNV I 7—RBELUVITF T VEER

FA4E, FSE, BLOE 6 EOERTIL, SiCEANREIZI > TRy 77—
BLOT T 7 = lB R ER LTz, KB F 2 ZRB L [FIERIC, SiC itk 2 7RHh
HREESEIMBYF B L72%%., JFNZ TMP T 1x10*Pa L F £ THEZES[ X L, FFND
A %M 99.9999% 0D Ar ' A TEMT 28EL 2 BT 572, £ D%, KKED Ar
A % i 0.1 slm Tt L7e A & HARZ IIEV L 72, #URIE 70 NN 36 K OVINEARE
fliE, Ny 7 7 —J@IERCIL 1500°C L 3 43, HE 7 T 7 = UAERICIX 1700°C L 3
BThDH, 2T RNy T 7 —EHDWNIT T 7 = BRSSO DS
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1T, IR T > T OWFEE SN EIC k> TS0 CRIEELT 5, =2 THIZIEE S
BEBLOH 6 ETIE, W=7y 77 —EilB 2155 720, R BEmMEEsIL s
LY Raman BHHEIC LD Ny 77 —@EBIONT 77 = V@O BREHF~, N
v 77— ORI 90%LL | L 72D K5 ITNEME L F I ONRRRE] & FHEE L,
FRBHERL S D b 2 W HAT o 72 MBS TH2IZHERMENC L 3Bt 2 mAEI L7,

2.2. AHEEEI A &

2.2.1. RFHE N EME

AEIORBEILE L NNy 77y —BB IO 77 = VEOEM D572 i
FEIBEMEE (AFM) BI85 T o7, BlEITIZH A 7 7 418 S-image R A=A~
n— 7 BB E AW, EIXA AT v 7 T —RAEF— R TV, BREBB IV
AEARR 2 RIRFICEUS U7, A2AEER Tl RURHR IR T DA E D 2N ZE & L
TENDED, Ry Ty —BL VI 720 NRApba0 I A MTRBESIND[],

222 AERRAEEFIN

777 2 DN FEE D720, AESRCE T 706 (ARPES) HIE 21T
ST, WEICIZ, Db ra bt ¥—De—AT A2 BLTU ZFH L
2o ANFPEOZFNF—1F70eV LI N120eV THY ., AR M4 X3 150x70
um? FRECTH D, JIEE, 100 Pa FEEE D BEZEFEIZH W TEIR TITo 72,

223 EIRIIX—EFIEME

A4 BEOERTIE, REREICBIT DT 7 2 OEMS D20, KT
RF—EFBEE (LEEM) 12 K 58182217 - 7o, BIERNIHE 2 B 221 T 500°C
FREETHNE L . REDWEH L ZAT o 72, ML, F v o/ N—NDOEZEEN 10°Pa F2
FEIZ72 5 F TRk LT-o ARME T =3V ¥ —% 0-25eV OFLFH TE X 7203 6 SR
FHETDHIET, 777 2O EZEDEMIAIEETZ[2], 77 7 = > Onlig
A ERD T2, 40-58eV OFIFATHEILE AT o7, 72, 40eV IZBW T
WA ARET (LEED) /3% — 2 b HS Lz,
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2.2.4. Raman 733t

Ny 77 —J@er 77 = OAE L O EZ I~ 572, Raman 43 SEHIE
#1772, WEIZIE Renishaw 154 InVia Reflex 2 L7z, byt & L CHE 532
nm O L—HF—% [\, L—W—7]) 5%, #ZCRFHE 20 7, BEEEE S EOSMAT
AR MVERSG LT, 55 BT, sUBHRE O 15%15 pm? O#FiFHZ 0.3 um O
TAFY 52Ty y U 7GalfG Lz, FHERIZEBWNT, b= —H))
5%, FICHFH] 3 Fb. BEREE 5 BIOSRMETART bVZEE LC, B, K
2789 Raman A7 RUES T, SiC RO FHZ2E LN TH D,

2.25 EREEFEME

‘o7 T 7 = /SIC ZRlk Bt OME 2 R A 7 — /L CH LT D720, &
HFET-BEMEE (TEM) IC K D8I 21T o7, Blg22iX, BARE 7+ JEM-2010F
¥ X OVER I IN ZE A/ 1S B & $53 L 7= JEM-ARM200F 7 0> 3% 8 7 28 - WA 85 & 1
MLz, MEEBEEITONT G 200 kV TH Y | BREHIK T 5 B RO AH i
[1120]sic F721E[1100]sic & AT T M TH 5,

% 6 EDOEERTIL, JEM-ARM200F % ] U C 5/ L Bk g 0 8 2 A i Y 1
BESSE (HAADF-STEM) #1%24,47 -7, HAADF-STEM # CIIf &5 Z D& F
ZMZ BT D RE R DD T2 R DRI DWE OZEM M E BlEET 5 2
kmﬁbfméoﬁ%mxﬁéfu—fﬁﬁﬂmmﬁg?%D\@mﬁ%ﬁ@@—
280mrad & L7z, £7o. @AMFREE FHEMEL I 2L — 3 7' v s J L xHREM
A L, HAADF-STEM DY 2 2 b —va U iTo7z, Y22l —3 3 il
BWTIE, IEETE 200kV, AP 68-280 mrad, BRI ZEFREL 0.001 mm, 7
TA—HAEOnm & Uiz, AT, 777 = /SiC Fiits DRk ol 2175 7=

. BT xLX—HESE (EELS) HIE BT 7=,

BIEH O REIOERIZIT, — i Ar A A =2 ZEE W3], Bk
HIZILE T 5xS mm? OFEFREIZ, [ UHEfEOZ I —SiC B4 =R F U HHEIC &
DIEEL, ZhE 2mm? ~EH D H L7z, Z20%, 1x2mm?> D ¥ I —SiC R %
2BOMAINGIEE L, GFH4 O SICERTIEOTry 7 2L, 207 R
> 7 O & U CRAT B d K OSBRI EE AL PR 2 Jiii L. Mo B iR U > 7 ik

- 23 .



%28 FRIIE

D AHT T2, IR Y o Z DRSNS & BITHERATEE 21T\, B OJE & % 50 um F2
I LTz, £D%, Gatan LT ¢ VT T A L F—Model 656 (Z L0 HLE A
& 51 15 pum FRFE FE CHMAIES L. Fef%1C. Gatan ALEUEE A AR Y v 7 v
72 PIPS Model 691 % W72 Ar A A =0 702k 0, FULEICHFL A B 7=,
TEM 815213, Z OMALIEOE b S 7z sl L TIT o 72,

226 X WABEFHHK

5 6 T D FEER T I BUBFR LI E O PR & = 2 72D X BREFE 747 (XPS)
WE%4T-> 7=, BEIZIL Thermo Fisher Scientific £-H ESCALAB-250Xi & {# fH L,
XBRIZIE ALK, (hv=1486.6eV) %AV /=, X#7 0—7 8 500 um FEEE, —R/L
X—AT 7 005eV, /RATFRLFX—50eV, HLYIALKFRE] 50 ms, FEF[EIEL S5 [A]
DEAFT, FILFEDOWREN AT SV ZBUG LTc, AT FAVOFITIZH T - T
X, — &M 72 Shirley JEIC K > TNy 7 7T 7 RAE 1TV, Gauss-Lorentz &5
BEIZ L~ TE—2 T 4 T 4 T EIToT,
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$I3T AH-SIC EMFBHAICBIHFEIRTYTTZUNVFY
vE ]

3.1.SiC EREAICEFIRTYITNVFUITRER

SiC BRFMD AT v 7-T 7 AMIEIL, 77 7 = VIERSPBILIEIEAIZ & - T
R R RE 2 B9, BARMICIE, Silm kYT 7 = v OkER X ORmBRLEO K
i, X 70 TRy RREL TR VX =R LI AT v Ty DD
Bl T D[1]. TDTeD, 7T 7 = U ROMAVIE DS AR KR m 2T X THEE LR TH,
ATy T BT D77 7 = VEECBALIE DR 3 7 7 Aoy D & g
HEENH H[2-5], £72. 1ALEICEE L= L 912, SIC HRFHD AT v T HRE N
2L FDOLEWET D777 2 OBSETLENZ LB TND[6-8], &
HFEEIIZE LT 2 X B AT » 7O TR LI N B IR 72 b Z &)
WMEINTVD[R2], 2O XKD BREBIRIED AR —MEIL, SiC &2 AW/ T —F /3 A
ANZBT D7 — MERBEOEEMEICEET 2, b0 T, SiC AREmIZEK
FTHAT v 7ESOFIINIEETH D,

SiC(0001)ZF& i TlE. 1200°CLL_EDIRE TREGRESCRmM O = v F 2 7 %217 5 B
12y AT v TN F U TBRMNFHEAT 5[1,9,10], AZFETiX, 4H-SiC(0001)F i DK
Ry F L TRBIIBIT D2 REIFEOE{LEZ T O, 4H-SIC(0001)EKH D AT » 773
> F 7%, Figure 3-1 lRTEHIC, S=~L AT IR UF T (MSB) &7
— VAT v TN F 7 (LSB) O 2 FEEAICKAITE 5[11-13],

-

l Minimum step-bunching (MSB)

"

l Large step-bunching (LSB)

"

Figure 3-1. Schematic diagram of step bunching phenomenon on SiC(0001) [13].
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L3EI Tl X D RN R ERIC K o F o 7 D5 % KETIE MSB
ERES, MSB Ti, @& 025nm @ Si-C 34 LA ¥ —D AT » 7R E X 0.5n0m O
half-UCH 27 I ~b X F 7 L, ELIZHES 1.0 nm O UCH A7 v 7 ~& N
YF 7T %, MSB I SIC A AR I O T RV X —imll Lo TR S 4, ANT7dh Sic
FAEDBEZTHLLEEZ LN TS, EEE FRTRALF—1NTXTOD Si-C A
LAY —TRLTHDHYHE SIC TiE, MSB BEZ DITKWZ EnHE ST
%[14],

4H-SiC Z MSB AEIRE LV b miR TMET 5 & UCH 27 » 778 & B2 nm
DrE & (several unit cell height: SUCH) D AT v 7 ~E X F 0 79 % LSB NFEA
T 5, LSB ORAEITHMARE O R ALXF—m7ZT TITMATE T, A7 v =y

IR DHRT vy VEERESR mLE e & SR - SRR RN 5T 5 &
ENTWDH[11,12],

— %2, MSB DFA41%12 LSB 23384 L, SUCH A7 v 7 & R e i 1X, UCH
F720F halfUCH A7 v P2 FFORMIZRED Z LTV EEZ LN TWA[13], &
W Z U, SiIC DAT v TR F U T IIARRHOBG L L TOARRESNTND
ARETIX, 4H-SiC(0001)FEMRZ 4% D Hy, 5 Te Ar W AFFHKFT Ty F 7 LT
LAz, HFEE O SUCH A7 v 778 UCH £7-1% halffUCH A7 v 7~ L 28k
HBIBIZOWNWTIRRD, KR TIIZDBRE AT v T U N F U TR EE
=15,

3.2. RERA K

552 BIZFL#E L7 FIE T, SiC AR ORI L OKFET v F o FRBEZ1T o T2,
LITFIZ, KEOERICHEAG OFEBRITIEZTL T, k& LTiX, CREE LD on-axis
D 4H-SiC(000 ) FEMR A U7, RO EFED I 27 > 1T 0.1940.03° Th - 7=,
INETOMIRIZED, ArHy (H #FE 4vol%, i 0.1slm) FRHESH CTid, Nk
IR 1300°CC half-UCH A7 753, 1500°CT UCH A7 v 7N I LD Z & A
DN TWVDH[13,15], S HITEIR T L 7-8A81% LSB 23 %4 L. #iHEIZ SUCH
ATy TIHEEIND, €2 TARIETIL, KT Ar/Ha (4%, 0.1 slm)Z5PH SIS
FBUNT 1600°CT 10 43 [FHMNENL T LSB 254 S H -3kl 2 HEME & Lo, it
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T, 1600°CT 10 sy L 7-50k 2, MSB 235495 X 5 72 1400°CLL T & TR
iU CPREF L7z, MBS TH21E, 3B 2 S| £ THRAWMAI L 72, 1600°C7> 5 1000°C
FTOHRBENI Do T2 HIE 15 BIRETH D, T 6 OMEVLEII M 5 30k
REMREOELE, AFM IZ LV F~T-,

Fio, HEOTD, KFBEEEZRD Ar W AFAKT CTHRBEOEREZIT- 7,
22T, At FEKH OEATE 1600°CTMET 52 L T, SIOFFELDL Ny T 7
=gV T T = ORI Z B FREER S D, T DT Z OFEBRTIX, Kifi /) fiE
I ST LSB OAZFHAESEL T L2 HAE LT, 1500°CT 10 sr[EINEL L 723K
Bl H3smE & Lz,

3.3. EREER

(XU IZ, LSB 254 S 723Uk & | LSB FAERZ IR THREF L Bt o R EH
HEDFF{¥% % 7~9°, Figure 3-2(a)l21E Ar/Hy ZZEPHE T TOMBVLELRFDIRE 7' 0 7 7
ANz, (bHIZiE, ENENDOIEGM TR L EER O AFM JERG I &
Vx5 mE7rmn 7 7 A VE R L TW5, (b)id, 1600°CT 10 47 EIN#EN L 7= 508k
DFERTH D, TBRGB L 0 . BERE L, SN AT v 7 LIRNT 7 2 THERK
SNDARAT - TIAEEEA L TWDLZEDRDLND, BT a7 7 A4k,
AT v TEEIE 5-10 nm, 7 7 AfEE 2-3 um Tho7z, T, LSB I2k~»T
SUCH A7 v 7B LT Z L 2R LT D,

WIZ, ZOFRMETMEEIT 7%, ki LT 1400°CE T 1 oM THRIEL., 20
IR CHA- IR 2R A 1T 572, (o). (d). BLU(e)E. N Ei 10 43,

SR B LN 60 R EF LTI ORERTH 5, () TIEW < D22 SUCH A7

Yy TIRELND DD, ZLHDORHIT, < DEMAYR AT » T3l < B—12if
TS, ZHHD/MNANAT v 7O SIEL 1.0-1.5 nm TH Y, UCH AT v 7'
RSz Z ENbnbd, (d)TIL. SUCH 27 v 7RMEL 720 kW% < » UCH
AT v IORHEL LT, (e)TlE. SUCH 27 v 7IZR.61 7, UCH AT v 7 DHMN
Aoz, THHDORERIT, 1600°CT—EJEAk L7z SUCH A7 » 7% UCH A7 v
TOEMNEBCT HT N F o TERENEL T 2R LTWD,
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Figure 3-2. (a) Temperature profile of the annealing in an Ar/Hz (4%) atmosphere. (b) AFM
topography image and the corresponding height profile of the sample annealed at 1600°C
for 10 min. (c), (d), and (¢) AFM results of the samples annealed at 1600°C for 10 min,
subsequently cooled to 1400°C in 1 min and kept for 10, 20, and 60 min, respectively.
Reproduced from R. Sakakibara, et al., Appl. Phys. Lett. 123, 031603 (2023), with the
permission of AIP Publishing.
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wIT, FEREDOERE Ar FFHXF TITo72, Thbb, AT v T TN F T
BB D KFOMEMEIZ SOV THGE L7, Figure 3-3 ICZ DOfERZTRT, ()i
EEROWBE 0 774V ThHD, (b)iE. Ar FFEXHIZIVT 1500°CT 10 4rfEn
BN 7oBIO AFM BB TH D, RHEIZ SUCH AT > T OBRBFET H T & h
O, LSBRFAELLZ LMD D, £72, Raman A7 MUIZ L 5T, ZORED
FKHIIINY 77 =R L TR E 2R LT, (. ZOFMETnEL
72T 1410°CET 1 RICTHIE L. TOEF 10 MR LZREIORBRTH Y |
(b) L [FEIZ SUCH AT v 7 OHNBR LT, 728, Ar FHKH CEIR S EH#E
1410°CE THIE L TNV L 7ZBRIC1E, MSB 288442 Z L 2 HANCHER L T\ 5,
INLOFRERMNSG, Ar FHKFPCTIIAT v T o R F U THEGITR I 502
ERbNoT, TOZEE, AT v T T R F U TBHBOERE N, F iR O
Bahi2id CldZe, KBy FUTITESBEBRLTWD Z L AR LTWND,

—
)
~

__1600 e . — -
o : :
£ 1500 T Lo
=] - .
© - -
81400 : 1
£ : TR — e
= ! : !
1300 0 70 20 60
Time (min.)

Figure 3-3. (a) Temperature profile of the annealing in a pure Ar atmosphere. (b) AFM
topography image of the sample annealed at 1500°C for 10 min. (c) AFM results of the
sample subsequently cooled to 1410°C in 1 min and kept for 10 min. Reproduced from R.

Sakakibara, et al., Appl. Phys. Lett. 123, 031603 (2023), with the permission of AIP
Publishing.
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BUFART T T o RNF o T HL

BNT, AT T T U TF U TESOYMERAZBET 57290, ArH, FHEX

HFZEBUT 1600°CT 10 4
Figure 3-4 |2, 1600°C CDNEM%IZ 1400°C,

Mol U7 3BHO 5 R A T,

SyTRIINER L 7= %%

L HEHRRGTERC N BRI T 5 R AT o T2,

7T

1300°C, & X T 1100°CE T 10 43

(a) 1600 N TR
s | NN
S , 'b
e e G e
é i c
M 2 [T i ettt Wit B
g :
£1200}----------- e CE it
S . 1
1000 : :
-10 10
Time (min.)

10

0 10

w [um] w [um]

Figure 3-4. (a) Temperature profile of the annealing in an Ar/H> (4%) atmosphere. (b), (c),
and (d) AFM results of the samples annealed at 1600°C for 10 min, subsequently cooled to
1400, 1300, and 1100°C in 10 min, respectively. Reproduced from R. Sakakibara, et al.,

Appl. Phys. Lett. 123, 031603 (2023), with the permission of AIP Publishing.

K72x5, WTFoOECTH UCH A7 v 70MEE S, T o F o TEEN G
Lt:kﬁbméoLmbﬁﬁ5Jmfm7yﬂy%yﬁﬁ%mﬁ%éMk%@@\
ZDOEEFREIT, 1 4B THIE L7= Figure 3-2 Db D L TR > TW5, BEfAEIC

/F]a
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%, Z< D SUCH A7 v 7R 6, WD OFEETIX UCH 27 v 7 O8EM )
BICESI L TWD, £, B I N@IZENZIURT XL 912, 1300°CE L Y 1100°C
F TR L7236 Tlk, SUCH A7 » ZIXHBRICA G Wnb DD JRWT T AN
FoTWb, M7 77 A/ TlE, JLXSUCH A7 v 7o LB Z LD
IR HAEHRTEY . ZOEMIEED UCH A7 v 7 TER SN TS, Zh
HOREREY ., SUCH A7 v 7 Dxy PS5 UCH A7 v 73k x E1%I1IBT 5
ZET, TUNUTFUTERENETT LD EEZ NS,

UL EDOEBRFERICESE AT v I T U F U TBEE N L DO &
Figure 3-5 |Z7~" 7,

(@

ERSSE- s

Figure 3-5. Schematic diagram of the process of the step unbunching phenomenon. The

SUCH steps formed by LSB unbunch into the UCH steps upon the subsequent annealing at
lower temperatures, shown in the alphabetical order. Reproduced from R. Sakakibara, et al.,

Appl. Phys. Lett. 123, 031603 (2023), with the permission of AIP Publishing.
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()X, SUCH A7 v 7 DA THERL S 4172 SiC HfkFEm A4 L T\ 5, Figure 3-4 O
TR D, AT v T T N F o ORIV T, SUCH AT v 7 D>y ¥
MO ERAIZUCH AT v 7Oy F o I RGEE D | FREEFREIZ(b)F L Vc)
DEITEETDHZENREEIND, £DHk, (DITFRTEIIZ, W27 UCH
x?y7ﬁ%&¢6$me?y7if&u#éo:@%%ﬁ\ﬂwm}xqﬁﬁ
HinizboEeBEz o5, TOKY UCH A7 » LS HICH%iIBZ T, FERE
()DL D IR ERKR T, AT, DITRT L IR UCH AT v T DOIHINL R
LEMmM~EEITDEZEZ DD,

3L RTYTFUNIFUITREDA DX LEE

2T T TN F U TBEO A =X NIHONWT, LV EEMICERT 5. 7.
Ar FHK T TOMBEROFE RN, ZOHRIIKFZEL v F 7 HO UCH AT v
T D®RIBOBIEAET HEEZHND, 3LHEHTHRRZEY . KFEZ v F o JALEE
IZX Y MSB & LSB AT L5085, ZhbORERIFE RS, 7725, MSB i3 SiC
fEmRAIZBIT D =R LF—ml Lo Tl s s, —FHTLSB L, £ X572
Hifli7e = XL X =G CITFA & 9, M H2DONKRPZNFIZE > TUCH 27 v 7
DBRIBHEINZEZNE LR REAET H LB LN TS, UCH A7 v 7 BNiRE %
1600°C7>5 1100-1400°CE T N iFf 72 2 & THIBL L 7= FEIE, FiRICfE~>T LSB @
JRRBAHE LT Z 2R d 5, LoLaennh, HIZ LSB OIS HA LT

TIX UCH A7 » ZIXHBL L2, e s, 7XTO UCH A7 v 73—k

W THRIB L2 E . LSB ZRORMEIFENRIZNDITTENS TH D,

T AT T TR F UL THBLLTZ UCH 27 v 71X, EARKID
DY IZBY T DA S 572, ZDOZ i, AT v TRIO KRR EER
[16-19]NEE L TCWA Z L &2RBT 5, ZOFRIMEEEROERE LCiE, KM
MEER, 7 —u UMHEEH, BRORPEELRENRZZ LTV D, FRTHMEE
ITEIEEE S & LTl RN LN 2Ty RN VPSS S R AL
52 E N HE DN D[16,17], LLEX Y UCH 27 v 7 HELOEJFIZ, KL
\Z& > T LSB OBE#EN I HE L, AT » TRIRIIFEBAEN D SBR & 72 o722 &
WZRT 25BN D,
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Z ZTIRIZ, BRIRICER LT LSB OFKBER L7 Z &I2o\WTHEZ3 %5, LSB
DEJPFIZ-SUT Ishida & Yoshida (%, 84 7 @D 4H-SiC(0001) M D AKFE T v F 7
ICBWTRE L H BEA RMAICE(LIESHZ LT, MSB & LSB ORASME
FOZENDLDA = A LEHEFLT-[12], O OMEITL 5 & @i DK Ha R
DA T Tl Figure 3-6 (ZHEAIIZ R T K 912, Fob R m 24 /8 (stagnant layer)
MBS N5,

[ ] 1]

Si@ H,
Hydrocarbon Stagnant Layer

SiC e ¢ Atomﬁi @ e v

Figure 3-6. Schematic illustration of the chemical reaction model for SiC etching by H» at

the mass transfer limit in the Ar-H> gas system [12].

ZDEEDSIC DTy F L 7HEIT, KAMHFO Hy 01O, Wi IE 20 U7 5: R
H~DOYERE) (mass transfer) ([ZX > THEIND, ZDEE, clustereffect & X
FLDHMNRII 72 D HAS SiC KIS HAET D722, BEV A 95 UCH AT v 7 D%kl
JEZENET, LSBARAET D EENTWDS, —FH T, KR8 Hy B DS
T T, WSRO THEWCOERERR O T v F 0 F RSP HEFEE & 72 0 |
LSB IZHAE LR, 5 OMEIZEES & AR TH -T2 AvH, (4%) T A 7 v —
FHRUC I TIE 1600°C TIX LSB 237842 L, 1500°CLA T Tid LSB 23384 L 720,
> T, 1600°CT—# LSB % #2730k 2% 1500°CLL T & TR S AV 7= BRI Fop R im
M5 cluster effect 235{H%E L. #%1E79 5 UCH A7 v 7O KR EAEH TR &
RoOTfERELT, TN FUTBRNELTLEEZ NS, ZOZEIE, =
F o T ROGHEE Z B720 Ar HAFRIK P TIET R F o TERN MR S g
STl EEFFE LR,

AREETIL, 4H-SIC(000)FREIZB T D AT v T T R F o THBITHON TR
72 ZZT, SIUIDEBITBNT S, T o v F o ZVBEICHELT 2SN HE S
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ALTUND[20,21], MEZHF9ETld, Si(11DZFR M EICEE (DC) MEUZ X > TR LT
BWAT v 7R ZO®RIEEEZ TTBRICKVIRNART v TOER~EE(LL, 7
T ABREFAL S NI Z ERNRENTWD, ZOHGIEL, HUNERO FRR, AT
T DFLHFMEVATREZITHET LI END>TWND, ZDZ &k, ZHHY
72 DC MBMZ L 5K Si il o L7 ha~vA 7 b—r a0, BIROFEIIIH
Mo TWDATREMEZ/RIB LTV D, LR, AW TIET N TOERTHR
SMREENCINEFIZ K » TEHEFIZRAB Z ML TWD Z &b Ly ha~v A F
L—a DX ) R E R ONRBB RIS L TnntEx bnd,

35 FELHERE

ARE T, 4H-SiC000 )R KB R DO KT v F o T HIZHAET H AT v 7T N
VF U TBGIZOW TN R R Z R T2, Ar/Ha (4%) H AFFHKFIZB N T, &
I CREF L2 BIIRIR CREFT5 2 & CT.SUCH A7 v 728 UCH A7 » 7'~ & TZ
S5y ZEBBIEINT, ZOWHHRBRIE, KET Yy F LTI DHAT v
DIZIBFFICAE LTz EB 2 bivd, BARRIZIE, LSB FARHIAFAE LT2AMARIZI R D
WHEE, 27y FHFRNHEEERORHAICE > THETE 5,

13.HilCdl 7= L Hic, —#AI72 SiC XU —F o 2BGETRRICBWT, 43
Y PO = NERATA A LR, U = REIZ CMP B S5, € DERIC
U= ARETFIZIINTEEE R KD L EbvT\Wos, ZOMLEEREIL, KEx
v F o TR IR L LB L > TRETE 5, KFEZ v F U TUHDOGE
MSB AT D L5 RIKE TR v F U ZHENEW D, M TAEREOREIC
FEF TR 0D, — 07T, Bl TS 2854, M TAEE I3 ERER CrET
EXHH00, [RFFIZLSB AFEALTLE 9,

LSB OEH EORMBEAIT, 31HICERRZEY . BWAT v T EWET LT 7
= OB E L 72D 2 &R0, RIAMBALIEDOIEE DAY — & 72 572D/ T —F
A ADEFEEPELDONDZETHDLH, ZNHDORMEICKHLT H72DI2iX, £
LSB 2354 T 2 L9 72miiT SiC 2=y F 79252 & TIMLTEERE %+ 2Bk
EL, ZO%SUCH AT v VORI EZFWLT NN EB L BND,
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T AT T TN F TR EFIMTIUL, LSBORAELZE TS, &
R O LR FREL 72D, SV D &, AT v T T U R UF U TBIGHE, N
TG ORHRN 2RI & Kl O L O HE % FEB A fE T 5, Ishida & Yoshida
DFERIZEES < & ArH2 (4%) TR IZFB UV T, 1400°CH L OV 1600°CTHO = v F
V7 L— MIENEN~02 um/h B L O~ pm/h TH S[12], b b, KR TOK
Ty T 7OTaE ARRIT, @SR TOHAICHRTHERL D, 07D,
ERDOT R F o TG ERB LT Y a—F 2RO IE, 7o AR O 4E
CHB\RDED, ZHICE D, CMP U2 & TRE TROZELC, fiEa 2 b
DRIGRAK T RSN D,

2B ARRFFETIEI A~ M A 0.19+0.03°0 on-axis 4H-SiC HAK & H L TE
D EREEHOMBR G NLT XL THD, LoT, A< eb I ATy M 0.19°
BETIEH, @R FMICEDLT AT v T T R F U TBEREZ D E V2D, —
FT, SiC TEHX XU ¥ )UEENLE LT 50U —F 3 ZH®BTIE, [1120107 181
4°DF 7 A& FFO offaxis FRDBHWHILD Z EMNEL[22], DX D ITEWME
RHAEZFFORMTIL, REDORAT v THEEPBIRIZKE WD, AT v 77 N
YT TBRGOE L HIBERKFREN, A7« A7 AEIKEL TELT D
FREMER S D, TORZEW LN T H72DIiE, EROMER T HCHEEZ /NT A —
B LT DHEBREATINERD D,
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F4E Cl BB T 7 = OElEA

FIECEHLEZER/ S 7z 0REEAFHIE

41. CEALY S 7z oIcH T2 EEGER

T 777 223 T &35 ZIRTTWE 2 K E O A 72T RIS S B TR S
72 van der Waals ~7 B il & FEEN D RDERZELO TWD[L], 2O X5 72%

T R L7 R ER TOBFIRED T 7 VBEAMIER T vy iz &

HEFIRELE A LB TE D720, HEOALOEE LT8R 2RI LG5,
ZORGLBEERFIE LT, YA RARN2EI 772 (TBG) BETLND, 2D
777 xR E S E 7 TBG Tl FrE OEFEAIZIUV T, BE#Ed % Dirac =
— U OTHIZ X - T van Hove ¥ B 5.0 X 9 Zp BURROVEFIREEN 3 HL4 5 [2-4],
Bz, ~Y v 7 7 U NV EMEEND LIPO[alEEfA Tk, TBG (HER CREEZ /R T
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= XHEIT, SiC HEMRITHKT LT o=30°DENEIHEA ZFF>, — T, 14285 L
72E28, CHETIX 772 3> um O LA A A THRET 5
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X 1B 2°TH D, 52 HICFHE LI FIET, HAROFILE R L UOKFEL v F
VB ET o T, E D%, FNE Ar U ARARICERR L, 1500°C, 1600°C, 33
FN1775°CT 5 BN 2 2 L T 77 = VlEEITo T2, B -aEHE
ARPES #Il7E, LEEM #8153, 3 LU AFM #1212 L - TR L 72,

4.3. EERFER
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F 9, on-axis Fo EICEEX R MBVREECEIE 7 7 7 = U A E L, £ 5 D[Rlig
14 & Doy Ai & Fgi~<7=, Figure 4-1 12, (a) 1500°C, (b) 1625°C, 3 L U¥(c) 1775°CT
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Figure 4-1. Constant energy maps of ARPES spectra at £=F¢-0.1 eV for the graphene

samples grown on on-axis substrates. The samples were annealed at different temperatures

of (a) 1500°C, (b) 1625°C, and (c) 1775°C. The red and blue arrows indicate the position of

the Dirac points of graphene rotated by 30° and 0° with respect to the SiC lattice, respectively.

(d) Schematic representation in the reciprocal space, showing a graphene Brillouin zone

(BZ) rotated by 30° with respect to an SiC BZ. (e) An E-k dispersion perpendicular to the I'-

K direction of the graphene BZ obtained on a ¢=30° spot in (c). © IOP Publishing.
Reproduced from R. Sakakibara, et al., J. Phys.: Condens. Matter 35, 385001 (2023), with

permission. All rights reserved.
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ST XEMITH 722 L1, on-axis F ETIXZ 7 7 = VEEHEML TH | Kil
DEED 7 T 7 = DR & ZDONARIXEENIEDL L RN L2 BT 5, 72
B. ©D1775°CTRE L7277 7 = VB Cld, s UEHT L~ THR 72 ARPES
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Too ZAUE, @=30°LIAMC b, KA RERA ZFFD 0 T 7 = VR N AFET
HZEEBRT D, INHORBIHEL L7 T 7 = v OREERA AR, 1.4.2.10R
L 72 JeATIFZEIZ351T D ARPES fRIZ3H W\ T H ERE S 415 (23],

RIZ, on-axis Fetl 7T 7 = L DZE/] /34 2 LEEM (2 K > Tilj~~7z, Figure 4-
2%, 1775°CTHRE LY 7 7 = VB OIS Th 5, BT 2 W iEk
CIEVVEIS A ONHN, Z0ary T A MI, VT 7 = UEEOENNC LD AT
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WEDIZZ DO LDIFREET, RPVIZT T 7 = I 0.1-0.8%DEAIG T) &2 5
i %[26], (b)—(e)i%. (@) LEEM & HIZ/R LT-ALEIZF 1T 5 LEED X% — 2 ThH 1 |
777 2 URETICHERT D 6 RO EHT AR v N OMBIEEESE S, — 5,
SiC [ZHKT HEHT AR > I, WT4LdD LEED /X% —> CTHEZE I e o7z,
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() TliX, REDRKHIT/R LIZEHT AR v hOFRERREHERE L ZOARAKR Y ME)
BXO(e)TH R b7, Figure 4-1 @ ARPES MIEDFEREZEETH L. bl
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(b)? LEED /"% — 2 TlE, SEDORHTRT LI, I T2 DARy D
PENZ WS OO ARy RRE LN, ZNUHITTNT  HELEEZE s 77 =

CBITHZEEITICL > TSNS, £72. ()@ LEEM 4 & 133O D 7
LA UTIE, DICRT I Re7 VB FICHRT 2FERKN bl I, i
B DN O RDT-ET VBT O ERIT 29 nm ThHho72Z &b, 20
FEIR DO IR M I21E 4.8°D TBG MMFAET 5 Z & D3RR 45 ([27].

ZINHDFRERMNS, 7T 7 = VEBITHEWI A A Z R D, FERLZ LA
NOJEMB LT LA VOB GITFEL TS EWVWx b, 723, ARPES O AR
v h YA R 150x70 pm? FLJE T 5 729, Figure 4-1 O ARPES 14 T H 5172 ¢=30°
DAR v MEOIVROFHEIL, 21 6 O LR B 28R L7 R 2 ik LT
LEEBEZOND, 41EICRREY CHES T 72 DEERN 7 LA NE T
LA VIO ES BIZEH D DN DWW TIIR LT D HIEDFIE L T 223, Figure 4-
2 @O LEEM BIZOFERIL, MENEFL TWDH I EERL TS,
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Figure 4-2. (a) Bright-field (BF)-LEEM image and (b)—(e) LEED patterns of the on-axis
sample annealed at 1775°C. The acquisition position of each LEED pattern is indicated by a
letter in (a). (f) LEED pattern acquired on another region outside (a), which shows satellite
spots from a moiré superlattice around the center, as emphasized by the green square. The
BF-LEEM image was taken at 0.5 eV and the field of view was 10 um. The LEED patterns
were taken at 40 eV. © IOP Publishing. Reproduced from R. Sakakibara, et al., J. Phys.:
Condens. Matter 35, 385001 (2023), with permission. All rights reserved.
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BEFRRIZ, 77 720D LD HER SN, 2D on-axis iBFHIB T 57T 7 AE
T2um BLETH 72, &IZ, (b). (o). (d). BLO(IZ, A7 HIE 1°, 2°, 4°, B
L8 offraxis MR FICHKE L7277 7 = VikBloBRB 2T NENRT, 7T
7 = URRIREIZVTNE 15000CTH D, WTHOBTH, 777D LblC
AT, SiC HEREREHD AT v 7-7 T AEEPHRICBIE Sz, £o, A7 A
DN HITo0, AT v TEENEML, 7 7 AEPBA T Dm0 7 s
[28], FREHI BT D2ERBEOATAE 0%, VAT v 7@ S h & T 7 A0E w
Z T tanf=h/w OBRRD G HEH L7oRER, 1°, 2°, 4°, BL O 8A 73k D 6
X, ZHZI1.00°, 2.05°, 3.75°, BLWT727°ThHh o7z, T 5D off-axis FEMEK
BIOREE LT, 79720 DLODEL B, 27 v 75 L TUIFEE L 725> T
W5 Z ERbhotz, 22T, Cu £l EIEFEMHEERICLYVRELZZ T 7
T TH, REDAT v Ik L THEEIZLOBBAET HZ EAHREINTND
[29], 2D X D7 Uik, EHAHIBRZ VT 7 = A U= B IRE H & RN
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Figure 4-3. AFM topography images of the graphene samples grown on (a) on-axis and off-
axis substrates inclined at (b) 1°, (c) 2°, (d) 4°, and (e) 8° toward the [1120]sic direction. (f)—
(j) ARPES constant energy maps at E=Er-0.1 eV for these samples. The red and blue arrows
indicate the Dirac points of graphene at ¢=30° and 0°, respectively. Graphene growth was
carried out at 1775°C for the on-axis substrate and at 1500°C for the off-axis substrates. ©
IOP Publishing. Reproduced from R. Sakakibara, et al., J. Phys.: Condens. Matter 35,
385001 (2023), with permission. All rights reserved.
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ER N DRIFHIIT o 7k R, 77 7 = VIR RIS T O AT v TN F 0 T3 A
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Figure 4-4. AFM and ARPES results for the graphene samples grown at 1500°C on the 2°-
off substrates inclined toward the [1120]sic direction. (a) AFM topography image and (b)
constant energy map at E=Er-0.1 eV of the sample for which prior hydrogen etching was
carried out at 1100°C for 10 min. (c) and (d) Shows those of the sample with the hydrogen
etching condition of 1650°C and 60 min. The red arrows in (b) and (d) indicate the Dirac
points of graphene at p=30°. © IOP Publishing. Reproduced from R. Sakakibara, et al., J.
Phys.: Condens. Matter 35, 385001 (2023), with permission. All rights reserved.
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LTWe, (DX, TNnEhoiREID ARPES 14 (Figure 4-3(f), (h). 3 L UY))
MBERIRICEG LZMmE T 7 7 AV THDH, LEEMENOHEIGE LI A T T A
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Figure 4-5. BF-LEEM images of the graphene samples grown on (a) on-axis and off-axis
substrates inclined at (b) 2°, (c) 8° toward the [1120]sic direction. The field of view was 10
pum and a histogram of the graphene rotation angle is shown on the right side of each image,
where the orientation along the SiC lattice was defined as 0°. Each rotation angle is colored
in the LEEM images. (d)—(f) Photoemission intensity profiles of these samples. The profiles
are obtained along the circular direction in the ARPES images in Figure 4-3. The
photoemission intensity was normalized to the intensity maxima. © IOP Publishing.
Reproduced from R. Sakakibara, et al., J. Phys.: Condens. Matter 35, 385001 (2023), with

permission. All rights reserved.
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4.3.3. A 25 R [1100]sic D off-axis IR EZLBYT S5 7 = L DEIELAH

BT, A7 HE[1100]sic. A 7 A 1°F5 LT 2°0 off-axis Htk @ C i LI %8
777 xR L, ED OEEAMA A A 372, Figure 4-6(a)3 L Nb)IZ, 1°
A7 HEMREICHRE L2 T 7 = VB0 AFM 1835 X OV ARPES 8% Z N ZE 1R,
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Figure 4-6. (a) AFM and (b) ARPES results for the graphene sample grown at 1500°C on
the 1°-off substrate inclined toward the [1100]sic direction. (c) and (d) are those for the 2°-
off sample. ARPES images were taken at E=FF-0.1 eV and the red arrows indicate the Dirac
points of graphene at p=30°. (e) An E-k dispersion for the 1°-off sample obtained on a p=30°
spot in (b). © IOP Publishing. Reproduced from R. Sakakibara, et al., J. Phys.: Condens.
Matter 35, 385001 (2023), with permission. All rights reserved.
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Figure 4-7. Schematic representation of the relation between the rotated graphene and the
SiC lattice (shaded). Graphene matches with (a) the (6N3x6V3) R30° cell at ¢=30° and (b)
the 9x9 cell at p=30+2.5° (the same applies for p=30-2.5°). The orientation of SiC is
indicated at the bottom left corner. © IOP Publishing. Reproduced from R. Sakakibara, et
al., J. Phys.: Condens. Matter 35, 385001 (2023), with permission. All rights reserved.
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Figure 4-8. AFM topography images and height profiles acquired on the yellow lines for the
off-axis samples. (a) 2°-off toward [1120]sic. (b) 2°-off toward [1100]sic. (c) 4°-off toward
[1120]sic. (d) 8°-off toward [1120]sic. Some actual facet angles are indicated. © IOP
Publishing. Reproduced from R. Sakakibara, ef al., J. Phys.: Condens. Matter 35, 385001
(2023), with permission. All rights reserved.
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Figure 4-9. X-ray angular distribution of graphene rotations near p=0° for two different C-

face samples. Drop lines show the position of graphene—SiC near commensurate structures
[15].
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Figure 5-1. Schematic illustration of the experimental setup implemented in this study. The
photograph shows the cut plane of the SUS316L tube with a sample substrate inside.
Reproduced from R. Sakakibara and W. Norimatsu, Phys. Rev. B 105, 235442 (2022), with

the permission of American Physical Society.
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Figure 5-2. Raman spectra of the samples annealed under different pressures of hydrogen
gas at 600°C for 40 min. Reproduced from R. Sakakibara and W. Norimatsu, Phys. Rev. B
105, 235442 (2022), with the permission of American Physical Society.
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Figure 5-3. (a) Raman spectra of the samples annealed for different durations at 600°C in

hydrogen gas at 5.5 atm. (b) Spectra around 1250-1400 cm'!

Reproduced from R. Sakakibara and W. Norimatsu, Phys. Rev. B 105, 235442 (2022), with

extracted for visibility.

the permission of American Physical Society.

60240 FPIEVINEL L 723 Clk, Ny 7 7 = OREO BB A 67, 72721, 180
FOF L O 240 BRI L 7238 BHC B W ik, RATT/RT X 512 D X2 ROMEMN
(ZHERR S V7o, INEABRLAHE 255 R ORI TIE D Ny RIBEN I HIZMATH & &
HiT, 2D NV RAHE LT, 0%, 300 BOEES TIZH T2 D /3> RERE D
Wb L, 2D /N> REEEEITHER L7z, 330 ARICIE Ny 7 7 — B ORI A b 7e
K720, GBXU2D Ny FHABRICBIE Sz —T7, DNy FifEIEEE L <D
L7z, ZALLLKE. 2400 B0 F T AT MLORIBICIZZ(L DB R SN o T2, T4
LORIREZE L DD L 600°CTOIMENEALE) B 200 1% £ TIT Ny 7 7 —J&IC
ZAER R SN Do To N, Z D% OK 100 BRI ORI 2IEITKFEAS » F—T L—
2 LT L7z, & L TMEBAR S 330 AR L7 RfiC, A v X —h L—
aUMMIEEAESTET LI ERNbhrol,

TR iR A v A= L — g VAT AR B W TS T T =
CHUCRMENSE LS FAE L. TNNA v X — T L—a V5T & & BICKEICED L
e ThHD, DN ROERERD VT 7 = R ORMOFERE L LCL, JREX
BICE2ERMEB LI T 720y URZEFT HN5H[19], L LR 5, 600°C
THRFERBOBEEPNEEIIE Z > 72 L1335 212 W [20]72 8, FIHEFRIZIB W T

- 62 -



W58 KFEA LA —TL—T a3 OB A T =X A

RoNZMm D X FORFIZ, /9 7x2roxy Yy BRIy 77 —J&
& QFMLG OEERE Th D EHELESND, EWx D& KFEA v F2—hL—
= OB T, RMBREIC NN Y 7 7 —E-QFMLG AN ZEAFET 5 L%
bbb,

728, Figure 5-3(b)IZxT X 912, 180300 R DOMEGLIZEIT D D /X2 ROAL
X, 330 BLIRICK T 22N E DT NIRRT, ZOZEF, A ¥ —F
L—ya VTR E R TRICBIT D7 77 = O RMOFEEN R D Z & &R
L TWD, A F—TL—a UETHORMEE LTE, Si A KFEKE ST
RV LT Z LIk D, 7T 7 2 RO RKREE 2 5 ([9],

WIZ, ZNHDKFA o Z—T L— a3 AT FKl - S OIS O L& i~
5712, AFM B X OO fiFEE TEM (HRTEM) 2 X 58153447 -> 7=, HRTEM #15%

TIE, [1120]sic & AT 071 78 % ASt L7=, Figure5-4 (2, /Ny 7 7 — @kl
& 300 FOMH LUV 330 BOREIINEL L 72 30EHZ W\ C OB R 4 R T,

Before h droen mtercalatnon

Figure 5-4. AFM topography bluescale and phase grayscale images and HRTEM images of
(a)—(c) the buffer layer sample before hydrogen intercalation, (d)—(f) the sample annealed at
600°C for 300 s, and (g)—(i) the sample annealed at 600°C for 330 s. A schematic
representation of the cross-sectional structure is shown on the right side of each HRTEM
image. Reproduced from R. Sakakibara and W. Norimatsu, Phys. Rev. B 105, 235442 (2022),

with the permission of American Physical Society.
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AN R D, 22T KFEA UV F—Tb—a U EITH & REICKEIRT
DHRASINASTD, QFMLG @ SiC & in b OREEL, Ny 7 7 —J8 0 SiC i
b OHEEL Y H K& < 722 5[6,8,24,25], o T, BIRBEOIMERIX, KFEA ¥
—HL—3a YIREAEL QFMLG R L7zl & & 2 b, (DIZ/Rd HRTEM £ T
(X, SiC REDJERD =+ T A MIRETREREN R S o, BRI,
HRELEFEODRNTENLIRT LI @RO= > M T 2 hD SiC HRifiH D
HEEX 29 ABLW43 A ThoTo, RIEDOMEIL. Ny 77— EiHE Si RO
Bt (29A) 1o—#7 5[22,23], %A OMEIZ, X BREFHHIEIC L 0 RE S L7z SiC i
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FWwiN 6D QFMLG ORREE (42A) L LK< —H75[6,25], > T, REFITHRL
RSB RPTHINC Ny 7 7 — @RS T ik 2 s L TR Y FREITR LTCEIZA
VHA—=H L= a IR LT QFMLG Thb EEZ b5, (HDOAMRITI
Z O R EEE O &R L CTH D, AFM 3 L OVHRTEM #£3° 5, 300 7D D FE A
TIET T A Rl y 77 —J@ & QFMLG OERNLEET L2 L nbholz, =
. Raman A7 hLIZEBWT D N2 ROMRIC TR < BlER S - E RIS
HEZBZBND,

eV T, (B LOMITAT XL 1T, 330 AL L 723080 ARM {8 TIiET 7 A
EEIEE TH D . NAREITER SN o 72, Raman AX7 RV L DOXFIRH G
:@ﬁﬂ®%ﬁ?QOﬁGﬁﬁ*ﬁ%%bfwék%i%ﬂéo@K%?
HRTEM 4 ClE SiC RilZf@iko 2 b7 X MR S, JRVWVBLEHIPE T, SiC
KEEENOOWREHL 41A THoTz, ZOZ 0D, ARNTRTEAK O X 5 7285
—72 QFMLG DJERPRIB SN D, ZNODOFERMERND, KFEA =T L—
3 VIHIHIBRIZ BN TT 7 ANTRFIINOZERICEET H L E X BILD,

533. KRA VA—HL—L a3 VOETIZE TR Ty TORE

N TIE KFA U H =T —2a U OBATICERER O AT v 7B RT3 52
IZOWTHRTFERZIBARD, 532 M TRARIZEBRFER D, KFEA v H— T L—
voa TMEBRAET 330 RPORERTIZEAEFET LT, £ 2 CIROERTIE
AE =T —a UETHEROREEEZHDH720, INEVERE 600°C, K3EH
xEﬁ55mn®%#F@\us@%@Mﬂ%ﬁokOH@mism\:@%@T@
L7238 D AFM 84 777, (DBREBETICHF B LORKAITEAZIVURT &
W2, BB T T ALEMMNOH B 7 T ANFRIRFICEBIER Sz, (b)DOMARE Tk, /i
DT T ARTIZIZ & A EMHED L ONRWDIZK L %E DT T AN TIINARZ
DER ST, 2O Z &3, IR T IO, KFEAS L F—TL—Ta >
MEET LT T ZAELEET L TWRWT 7 A0 BRI L TWD Z & 2R
T5, WMz bE, ZORBHIBWTC, KBS VX —DL—vaidT T7AT L
WCET LI EE R BN D,
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Figure 5-5. AFM topography (a) and phase (b) images of the sample annealed for 315 s,
with a schematic illustration of these AFM images (c). Reproduced from R. Sakakibara and
W. Norimatsu, Phys. Rev. B 105, 235442 (2022), with the permission of American Physical
Society.

WAZ, 53 e MBI A RGR L CA v X — D L—a UNEE A LT Lok
IZDOWT, 777 = OfE & BRFHGHE & OBE A FEAIZFH <72, Figure 5-6
(2. INEMEEE 600°C, 7KFHEH AES 5.5 atm DS T T 2400 FOREIINEL L 7=50k o
Raman ~ » £ 7356 L AFM JEIR% % 7R3, Raman ¥ v B2 7813, 15%15 um?
O#EiFAZ 03 um OIECTAF ¥ 35 2 & THE LT,

@IX 2D Ny FHEEIZ L A~y B 7B TH Y | HEE O/ S ViEK & RE 0
FUIRRHRICOM L TWD Z b5, TNENOHEBICIET 5 HEEIX, 25
30em? BELW3045em™ Thote, — kI, HBEZ T 7 =D 2D /N FfEIRIE
30em FRETH Y, 7T 7 = UEEMAHEINT D &OPHEIRIZEIN T 2R B B [26],
Foe, SiHES T 7 23 RAT y T TEENICEIRT D212 &b, AT v
TEETIEY 77 = VEBBIRE L 125 ZENRZ N, > C@)D~ v B v 7B, K
BDOTTAEBS TRy 7y —BL AT v 7B L CW-HE S T 7
UMW KFEA LA =T L= a RS T, ERENQFMLG RN 2 Y T
T2 N LT AR LTV D, (b, (a) & [ Uik TS L7z, DXV K
BEDO~ vy B 7B THD, b)DORFITR LT 2 ROFEBDOERIT, D~ v E
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YR TRESNTEAT v TOMBEICKHIET 5, SV D &, 2D 2 ROFEHR
TEEENTFIEA 1 2OTF7 7R3 ET 5, 22T, HHFICREATRT L H I,
77 ANITEWT D N2 RERESICEN LI, FARRER DR SN2, (o)
2. ZORRAOELITALET 2 T2 Raman A7 MLZEIRT, AT [L
DIRITITNZ E A EEDRRONT BEROLELT D N REEDOHPMENT R
HZEMDND,

Iz, Z OB OEH T L7 AFM IR E 279, AANCE, B oRvE
IS TG LIEESI TR 7 7 AV ERT, M7 7 7 A MZBNT, 77 A
NIZK 0.3 nm OEIRZENBIE S Lz, 7B, ZTOX I RREITA v 2 —TL—
3 VHIONy 7 7 —J@REIORE CTHiER I, Lo T, ZORIZY 77 =
JEELDFNZHIRT 5 b O TIHAR L PITHREIICR T L 9 22, Si-C 3 LA ¥
—1 B DOEE025nmm DAT v IZXDbDEBEZ LD, o TO)D~V v E Y
I, ZOEE 0250m DAT y FOWMT, 7T 7 = PORMEEN DT )
WZHRR DR LTV D,

40 ) W '
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m = S ¥
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Figure 5-6. Raman mapping images of (a) FWHM of the 2D band and (b) the D-band

intensity of the sample annealed for 2400 s. (c) Raman spectra extracted from the left and
right sides of the boundary indicated by the arrow in (b). (d) The AFM topography image of
this sample with the height profile acquired on the red line. (¢) Schematic representation of
hydrogen diffusion across the step of one SiC bilayer, indicating that it is difficult for
hydrogen at the interface to diffuse beyond this atomic step. Reproduced from R. Sakakibara
and W. Norimatsu, Phys. Rev. B 105, 235442 (2022), with the permission of American
Physical Society.
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54 KFAVEA—HL—2 3 VOWBHA DX LICEHT H5EE
UTTIEKRFA L Z =T L— 3 VOWBRY A T = X LITDOWTHEREEICE
295, 53281 Tk, MENEE 600°C, /KFEA AJET) 5.5 atm & L CINENMRER] % 5%
MO S D Z LT, KFA X =T Lb— 3 OYHIEREZ /-, Figure
5-7 1%, B AFM %06 A S o 72 QFMLG & AR RIS L TR
Tfﬂykbk%%T%éo%ﬁﬂ®QMﬂGW%$@JﬂM&W@K%H%2
Oy 72 NORBENSHEE Lz, £, BRo@v | INEBHAHE 180 B
DR TII Ny 7 7 —BO BN, 330 P OFES TIE QFMLG O A 033k 1S A71E
LTWeledh, 2 b ORFIZEBIT 2 RITZN LTI 0%B LTV 100% & Lz, £
DFEHE. QFMLG BRI, A > Z—H L—3 3 BRMRIEE Tl 0n 2 1

MZzR LT, TO%, $FEERITEHEITHER L, EHEHNRZ T 7 = M7 T Liz,
120

100 |
80 |
60 |
2 |

QFMLG coverage (%)
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0 e
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Figure 5-7. Time evolution of the QFMLG coverage during hydrogen intercalation at 600°C
in a pressure of 5.5 atm. Each dot represents the QFMLG coverage determined from the
AFM phase images at that annealing time. The solid line is the theoretical curve based on
Ref. [27]. Reproduced from R. Sakakibara and W. Norimatsu, Phys. Rev. B 105, 235442
(2022), with the permission of American Physical Society.

5328 TR AT EBAERICEEDS L KFA 2= b—3 3 COHEITITE, L
TO2HEFDA N =X LPBESND, —Ol&, RERE TRATRA & —T
—>a UBFRAE LT 5 Z L TR QFMLGLRE T T 5 &9 | KD T O
RE~DT X LWEEETH D, b DI, RATHNOZ I LT
QFMLG BNZOMEKAIERTH L TA U H—T L —va UBNEITTH L0,
CIRITEIRREEN B Z DD,
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Z 2T, Suemitsu HIZX D, Si EFEOEWAGIZEET L2 HEIZEH T D27
% 513 Si(100)2 T OEFER L O HIEFR 2 Feik 3 2 SOSHER L EH L, Z O
HriRH Si RO BEOREE L<HAT L2 2R LT, Si&KmT
DAL DOEITIZ, MBLIEOHEER 0, Wi, T A—F OB LR 2 HWT, LA
TORXTRIBEND,

9(01=0 1-exp(-xt/zy)
(0=0 Oy +exp(-rt/zy)

Z 2T, k= (00t1)/0 TE D, (5-D)UL. 0>>1 D & KRS T TOmLOEST
Bt L, OOILT > X LW 2 K % Langmuir-Hinshelwood 1 O R% 2841 % 7k,
DFEIEL. O FBEBBEEZ N OFE LR T D, —FH T, 0<<l O L X LRI
ST CTORLOMEI TR L, 001k 7 B4 FEEROREEbEZR~Y, 20
& EOWALOEITIZ, ZRIEBRERICE > TR SN 5,
Figure 5-7 (2811 27 1w M, FIHIERE CREODBRIEINZR L TS 2 &b,
B"F DOV TEA NMIORFFEIEHLT 5 B2 615, FEBR B O FERRIEE(S-
DICEES &l L= HRHRCTcH v . QFMLG #ER1T, EMEMIZIT Z o dhfz & [F
BROBRELZRT Z EBNbND, ZOLED 0 OMEITE L% 0.001 THo72, =
DT EA OB T, FIH O D 502 B RO NIRRT 5%
B 72 RIS L, £ D% OaE R EFIT, “IRTEBOIER EZ 6 OERIC
SIGT D[27] Weo TKFEA v F—h L— 3 %, HIHHER CTRETNS SR
C%WLkQMRG@iﬁn%ﬁ%kbé%¢é:k?@ﬁ?é%®k%%éﬂ
Do ZDOXIRAT=ALNT, FH R ERRETT NV E W KEA o Z—T
VHyay@yi;v~yayﬁﬁﬁg%i%éﬂépm
ZIZT.3BOMICBITLTry MIERT L L, EHindr o TREINAD XD B
BWERET, AEiRA v Z—h L— 3 U5E T LTV -, Suemitsu S DRI
FO b ZOHEGRIRE O B MEIZIT DFEN L, MIHIEBRE TR L7 ROtk
“ﬁk%%bfwépuyﬁﬁm X, WIHABRE TR L= Rt DA
—MER LRI E WA, A BRS CORER O INI AR 2 D, 1E-> T, 330
AL CA v =L —a URNAHIZE T LI2Z &id. QFMLG O Rt B A,
T B S B D CEEIR RO ISR A LT 2 AR LTV D, 7272 L. QFMLG

(-1
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WRERORFEA N T2 LTI ARIOERTH LN T — % idix -+ &1
WR TR, S DICFEMZRBR O 7o OIZIE, BV BRI 2 -\ T2 & 0581522910
£ o7, BEROEAABERANIFLERT D L 9 RERNPLEE LU,

FTTIZHRARTZ L DT KER Ny 7 7 —EOMO RIS T2 FZBT 5 2 Lidm 3L
X—MICHEETH D Z &, F—JREEHREZHW B ORE TRINATWVSD[15-
UL::T\Pfh@%%%\ﬁi®ﬂy77~géui&£%®i9ﬁk%ﬁu
HTHLILEEMLTWD, T Ny 77 —ELY 77 =3 SiC RED A
Ty T THEIEHRL, 77 A E~lE L, BHET D AT v 7 TEET L2 L TS
NHZENbroTHBRL], 2L, AT v 7TIETEANAYy 77y —EBR /77 =
NCRMED I < FFET 2 Z & 2R LT D, 2D OFFEN S A4
VANX, AKRFBIZAT v FilBENOREIRAL, T ANEIRTHZ &2 TREL
Tz, ERIUTKE LTS DIV ERR RIL, KFEN AT > Tl m GBI At
IRALIZOTIERL T T7A LDy 7y —@EHER L THREMRALIEZ L%
RIBELTWD, KoT, Ny 77 —f@& I EET D KMa[30]03 K FEd51H DR
LY RPN OSSN IR A v E— T L— 3 USBRAR LT ATREME Y B B

WIT, 533 M TR FERFERICESE KB v F— DL —2a T &I
RO AT » T OREEIZDOWTELRT D, AR DE@Y | KFEA o F—ILb— 3

VX, FIHREER T RFTN 2> D 2RI L 72 QFMLG O IR TR - AR
HIETHITT A LEEZOND, T2, KEONy 77 —f@FwRIT, Ny 77—
HUZFET A LD KRMEEIT LT Thbhvd B2 Hhd, Lo T, QFMLG fEIk
PER ORI & L Cid, BEE D QFMLG SN O H DIRAT A M b & BTk
FPFEIZRA L, QFMLG O v V£ TBE L7211 Si 2f&imT 5 &Wnvo
A= ALDBEESND,

Z Z T, Figure 5-5 CRLTEE DT, A£ 2 FZ =L —2a vV OBITOEARWIL
FTAZEITE Iy o T, 2D Z LI Figure 5-5() DX HFICXFITRLIZ X D1
QFMLG T DOIERBE & 2 nm BRED AT v T I L > THHIF b= 2 & &2 Re L
TWbh, 5T, Figure 5-6 THR7ZXL 912, B 025 nm D AT v T OLEAITEBWN
T, 777 = HORMBEEPEDNZ R > Tz, b OFEEBRFERIT, RimT
DIKFOBENN AT v I Lo THEFEINTZEDIZO L INT EMRTE S
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(Figure 5-6(¢)) .

—MRIT, FEERERE CTIRFNAT v 7 B2 TBET DO RT o v VEEE L,
Ehrlich-Schwoebel (ES) F&EEE & FEIZALCUN %, Wundrack 51X Ga DA & —H L —
va AZBWT, SIC ERER O AT v FITEBIT D ES FEREC L > T, Ga i D4
mCOBMBHEIND Z L 2B L TWA[31], AR THLALERIT, &S
0.25nm D AT v FHKFZDOBENI K L CES FEREL L THI< 2 L 2RI LT 5,

55. % &

KRETIE KFA =N L—2 a VOB A T = X LFH 2 B & L TR
EATOTRERIZON TRz, KFBEA v F—TL— 3 U, Ny 7 7 —fgilklEk
RTINS SN T 5, £ D%, RFTAITIZA L 72 QFMLG #E3Y 7k
TEERERIC L Wik - AR+ 5 2 & T, SiIC ERFHR TORMNRT T 7 «
MEBERIND EBEZDBND, ZOMRIT KEP NNy T 7 —@HOXME I L
THIERALIEZ EZRBLTWD, 7o, KFEA X =T L— 3 o OEITRN
EMREREAAET D AT v S Lo THESNGED Z L bRB I Nz, ZTh b Off
B, INETHRRBOF LN TR T KkFEA v F—T L — 3 O
HIA T = X LD & > THBERFR L IR D720 Tl < REFERFMEHZIB T DK
FORPE » INFFEOIRICVET D2 b DO LB b,
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EeE T /T RITEH/SIC AT OEED/ES L
ZORmEE

6.1. 57 x/SIC REANDEKS V2 —HL— 3 DORBETHEMS

A B —=H—a ANl X D REHEEOWEIL. KFEUSMTH, Li[l]. O [2].
Ga[3]. Au[4]72 &, xR TRICE > THAEETH D, 7T 7 = /SiC iz —
WICHNTELS] L7z o sRIE, = IRoe DIV 7 L OMRTE & 1387 D s CmE 2 R
TZENDHD5], TDO—HlE LT, 777 =/81IC A ¥ —hL— a3k
Auld, @B TIEARFERLE LTRD# O 4, /2. REOILHEIT, £D ik
BT L7772 OMELERTILEARH D, FIZIXYb A X —TL—Tay
DFAIIE, 77 7 = 0Zx LT S55x104 em? FBRE DO RBREDOE T R—7 N b 7125
ENB[6], MIZH Ca DIFATIZ, /T 7 = VICHBEENREHT L NN T
WA[7]e ZOX D EROH T, MEEMEREICHE Fe DA U —h L—3T 3 /IT X
STT T 7 =) ZIRTTER/SIC ~T a2 FRC &R, MR EToRR
ZTE TR IR TCREMEIR DVE R KT RIC K D 7 T 7 =~ DA L EAZR L
N CE D720 FFICSIC BT 720 DAE Yy bu =7 ASHOBLSH 6 Bk
TRV,

—J5C, Fe I C OEIAENEERAIE W0, B OB « mENCE-> T, A v
H—HL—3a LUSNMT C OREE - HTHBIRNE Z 2 Wt & 58], £72. Fe
X Si & bARGITFIS L, T AMEERZTEAT H[9], D72, KFEDHZED L D72
A =T —a COEBUIRNETHL B2 OND, ZOFTH, ZHET
WD I N—F L B8 A v =T L— 3 OERRENH H[10-13], L
LR, WP S EEFSIEL Raman 55EIC k-~ TRy 77y —BD ST 7 =
MbEFRLTWD, ZALDOERERNGIL, Fe ® C EE - fritlic ks 77
= VRO AR R BERR T E RV, £, VT T = L/ ZIRGTERSIC ~T G D
AL~V TOEBEBELITON TR, T 2 TAIFFETIL, k(v X —h L —
T a DD DFRMEREFT AT O & & I, 5 DA iB O R s %2 HRTEM F5 X
N HAADF-STEM 12212 & 0 3B/ i~ 72,
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6.2. BERA %

55 FEICHIT D FEBR L FEIREIC, on-axis @ 4H-SiC(0001) 5t 2 Ar H A P& I
BT 1500-1600°CTHNENG 5 2 & T, HERANy 77 —JgilkktaFR L7z, 2o
Ny 77—l 2 =2+ 7] 10® Pa BRE DB EEZET v o N—HNIZEAL, H
REZEHIZ I T 700°CFEE T 20 SpRIINEA L 7=, Zhic kv, kBhEmEICRAE L
Te KRS 1A B S, REOFEELAEIT o7, i T, BIRETHEAIL ANy 7
7 —JERE ORI LT, HF Mo X F v —JEIC k- T Fe #BHZ2RE LT,
ZDOEE. Fe OZAFBIENE nm & 725 K 912 Knudsen £V OIREE & 28 E ] & %
WAk L=,

ARFZETIEL, AT O 2 EEOEA &2 — T L—a vy HiEEat Lz, —Dl,
Ny 77 — RN LT Fe IR CTHE LIcth, 2O FE EREEZEH TNET
HHETHD, ZOFMEE, LUTF Tl insiu MENE FES, Insitu BN, 81 2%
—Hh L—3 3 BT B ATARZE[10-13 1\ B 1) D REMERLG 1A & FIdk D FIETH
e b DX Fe KA LIy 77— @ikt o, —EF v o\ —NNLHR0 H
L C—BaRAEE LIZRICHONT v o N—N~EHA L & EZER TINET 5 &
) HETH D, ZOFEE, LLTF T exsitu MEVE RS, WTFHOBEA S, INEVE
BEIT 660°CFREE, MNEMRFR1Z 20 40, IR OFZEET 10°Pa FREETH 2

o7 EHE, Raman 436, XPS, TEM, 3 XY ARPES (2 X > Cafffi L7=,
Raman 7306, XPS, 36 XY ARPES OHIEIZER L Tid, a0 2 KK Tk L7z,
TEM B2RI213 B AE (0O JEM-ARM200F 737 i 7 3+ BA S8 4 L.
HAADF-STEM #1%23 L OV EELS il & H17 - 7=,

6.3. RERIGR
6.3.1. In situ & & U ex situ MBI & HERFFR

EFT A v F =T L —a BT DRUEHMERG B A B L TSR RIZ O W TR
%, Figure 6-1 12, /Ny 7 7 — @B in situ 3 L ex situ MENEAT - 72508 T
BUf% L7-. Raman 3 X N XPS A7 RV ZEIRT,
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Figure 6-1. Raman and XPS spectra of the samples (a)—(d) before annealing, (e)—(h) after

the in situ annealing, and (i)—(1) after the ex situ annealing.

(@I T Ny 77—kl Raman A7 MLV TlE, Ny 7 7 —BfHEOT B
— R72REEHY 1200-1700 cm™! T IZHERS S 4L72[14], (D)B L Ce)zix, ZOiET
Bt L7z XPS @ C 1s BE O Si 2p WiHENL A~ M EhnRd, (b)D C s
NFRHENL AT RV Ny 7 7 — BB XL OV 7 SiC Ikt o e —2 1tk - T,
(©)D Si 2p WIRRTEN AT FVIERHE Si BLOVIULY SiCICHKTHE—7 1Tk
ST, ThEhFELRSHHASIND[1516], 1> T, ZORBOERRIZIT Ny 7 7
—JERE B L TV LNk D,

(NI T in situ INEVE AT - 723BtD Raman A7 RV TlX, 777 = VA OD
D, G, BLU 2D N> RBRICBIZE SN, 72720, DAV RBENKEL, G
BIO2DD AR RRT 0= RTHHI D, B LS T 7 2 3R E S L&
F MOBETHDHLFZZABND, EBE, (DT T Cls WERHENL AT LTI,
7T 7 2 ACHFKT D E— T Ry OREN VT SIC OFTK L THEFICRE
MoTo, T, ()P Si2p WM A~ RV ClE, fl Si B IOV SiC #H3k
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DTN Z T, REITRT L H1299.5eV fHricb =7 NAGN-, ZOE—
zﬂiSH%%%KE%T%%@&LT%%T%%UH(M@prw BHERT AL

FATIE, REITRT L DI, 707 eV B LT 720 eV LI W TR B BUEHA
ERICE D R LTy y =T =7 PEIE SN, TRHDOE—7 DR =F /L

—IE. T AEERICRIT D L IFFE—ET D[18], Ko TZ DRETIE, FEITKKE
DENLIET T 7 = & A{RERD, REITIER LT EBZ 6D, 70k, T11eV
fHEicid, ek (M) ICHkT 2571 — R —27 R o7[19],

RIZ, ITRT X DT, exsitu MEZAT - 7238 Raman A7 MLV TiE, %
— 7 GBI 2D N RPMER I, D /N REREE R/ NS o 72, 2D N
¥ ROHAENED 38-55em™ THoZZ &b, ZORE ORI 12ED T 7
UM L TND EB X B DH[20], EEE. OITRT Cls PREN AT FLT
X, 2V 7 SICICRIT D7 T 7 20O — 7 Ay OMEEN, (DR LTz in situ INE
DA & AR THE SIS Sz, SRS Si2p WlEL AT MLV TlE, 7 A
{EERHR DRI R N0 o7, iz, THHD Cls 38 KON Si 2p NERHERL A~
7 MZEBWTREDRKAITR LI L 91T, 707 SIC D535 0.4 eV FEEEAKHE
BEZRAF—MNZTT7 B LTV, ZHEA X2 —H b— 3 B W TRIEI 72
b7 FTH Y| SIC iEED Si MMlcE THRIG SN2 Z LTk D3 PRy
TAVTICHKTDHEEZ LN TVD[15,16], (DIZ/RT Fe2p NRRIEN AT kL
Tix, Bkgk D) ICHkT 57— Rt —2DHNPE LT,

I, ZHHOREHZOWT TEM BEE41TH 2 & T, REEER 27—
THl~7=, Figure 6-2 |2, insitu 35 XN ex situ BN 0 VERL L 723080 TEM I &
(N HAADF-STEM BlEfE R 2~ 3, BIERICKB T 2B FBOASF HIE, wWTnd
[1120]sic \Z FAT72 510 CTdH B,
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In situ annealing

EXx situ annealing

(C) Fe oxide

Figure 6-2. (a) HRTEM and (b) HAADF-STEM images of the sample prepared by the in

situ annealing. (¢c) Low-magnification, (d) HRTEM, and (¢) HAADF-STEM images of the

sample prepared by the ex situ annealing.

(@)X, insitu IMEVTHYERL L 72388 HRTEM B CTH 5, EREICLE /T 7 =
WCHRT 2 EE DR =2 F T A MRA LN, EDOTITIET A 7 v RIROHEEN
Ro5N7, (b)® HAADF-STEM 4% X0, ZDO7A4 72 RiE, SiBXOC LV bR
FHEBFOREVWTERELEZL I ENboroTe, £lo, TOT A 7 Rid SiC R D
KL D IRDNLEE CEE SN, 20X ) 2 E B EEPH IS 3 1) 2 5o ik
THRLN, 77 72V @BEBLIORTA 7 ROERIZITNHEARE—ThoTz, R
BERETEE 7 7 = o RNBE S 2 & 1X, Figure 6-1(e)? Raman A7 hLE
KOMD C s PRHEN AT MV OFER EFJE L72\, Tz, Figure 6-1(g)FB L O
(WIZZENZEFIUR LT Si2p B LD Fe 2p Wil EL A2 MV RO ZDOT AT R
F7AMEBRIC L VR SN D &2 biLD,

LD Z MG insitu IEATIE, Fe 23 SiC 1D C Z[EIA L, WEIRHCHTH L7z
eI, ZBT T 7 2 UREREICR SN Z EDRB IS, FRIRFIZ, Fe i SiC
Foo Si EREALT, FAMEEkEER LTI EZ DD, 20X RBRE, Ny
7 7 —J@D 72\ SiC(0001) AR AT Fe A 287514 . fikige L CHE s =22 gL
T HA TOHREINTRBIRI22L A X = —a v L3RR HBRT
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&5, F7=. Figure 6-1(h)D Fe2p NHHELL AT ML TIX, 7 ABERIZINA T, &
bk (D ICHkRT =7 b bniz, Zombgk (D) 1%, 7 Mgzt
FTUCHABIR I LT Fe PARMIL L2 Z L TSN EEZ BN,

Figure 6-2(c)—(e)lZ. exsitu MNEUZ L 0 FRL L 723 BHZ DWW TORER 2R T, (o)l
AR R TG L7z TEM 8 CTh Y | SiC SRR EICEI DT A4 T v RRRL
A7z, Figure 6-1()IZ7R L7z Fe2p WIRIENL AT ML LD Z6DT A 7 NiX
bk (1) TH Y | Fe AERITHEIZ RRABRE LB SN0 EEZ D
L%, Figure 6-2(d)iE. (c)D VUM THAIZHEETHASG L7 HRTEM 2 Th %, SiC %
AT 77 2 ICHRT DR T X R 2 BR.OGNT, [F Uik CTHUYS L 72
() HAADF-STEM IZB W TIE, 77 7 = /SiC Hliz, SiBXOC kv R
THEEOREVWEDHFEZ AT 3 8O S ZRICAICELS L Tz, ft o1y
THBELILL A V772 ORKIT 12 BRETHY , RElcBT 2RO
E¥X 24 @ Thote, £, ZTOLORT T 7 = HEA/SIC HEEIX, () TR
NIRRT A4 7 2 RO TETH RERICEIEZ STz,

UL EDORERNG $kA 2 — T L —3 3 BT 5 AT ZE[10-13] & [RIkE D F
BT % insitu MELTIX, KFBA LV F—TL—a NlBFLHE 27y 77 —)8
DT T 7 AT Z SRV EfERAT T 7o, T exsitu IEVEAT o 7o 86 13
W27 T 7 = N B L, 7T 7 = /SIC RIS DR E VIR
ok 2 B A 08 R TR B LTz,

Figure 6-3 (2. exsitu MEVCTIERL L 725808 ARPES HIERE R4 RT, (DT 1
VX —HOBIEE R TIX 6 BRI NN KRR N2 0D, exsitu IMEUWZ LV
R LT2 7 7 = 0%, K 2B —FTho Z &R brol, (b)D E-k 57K
BN 61, BB 7 7 = VTR B 0 B IRRIZ L S a7z, Ko 2 Ko
Ny REIMETDHZ L TRIEY - 72 Dirac SAONE X, Fermi = F/LX —|Zx LT
+026eVIRETH -T2, TNIE, 77 720 MAE— L R—=7ENTWHZ &R L
TV, LALEITRNZXSIZ, 777 = /8IC REc Ny 7 7 —J@NFIET D
LT TT7 2 NEEAF R—T7 4, Dirac SONLEIEL-0.4eV FBREISAET 5, 72,
Ny 77— ERIE Fermi ¥EG T I1CIZN 0 RERFZ20 23], 2B D2 Lk,
exsitu MBNZ X > TTHEDOA X =L —2a BRIV, Ny 77y —f@nrs o
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Figure 6-3. ARPES spectra of the sample prepared by the ex situ annealing. (a) Constant
energy map at the Fermi energy. (b) E-k dispersion around the K point.

6.3.2. Ex situ MEIZ K YR L -EHH O R @&

Figure 6-4 12, ex situ MEUZ X 0 /ERL L 73080 HAADF-STEM 35 L OV~
07y A V&Y, (a)lE. Figure 6-2(e)iZ/k L 72 HAADF-STEM 4D —ETH 5,
G TR AT TRUS L7ciE 7 a 7 7 A V&2 FIZRT, 777 = /SiC
S OB, [1100]sic ST 0.26 nm OJF I THISI L Tz, KHITARRRIC
AT X2, ZoMRIE, SiCICBT D EIFHA~D Si RO/ E —HT 5,

(b)E[1100]sic & FATZ 7 M FET-H % AG S8 CHUS L7 HAADF-STEM T
b, 7772 SC FEIZ 2 BOHERN LN, ZOBIZHONTH, A TH
AT CIRET 1 7 7 A VE TG LTz, ZOREE, [1120]sic J7 181~ A O
HEZ, SICITRIT DG~ SiJZRFDOfMEE —B3 58 0.15nm Th-o7, 72
B, @QBLOOG)OMRE T T 7 7 A LTl SiC RN SE 2T 1 8B O SOM
FERLTHHD, 2BABLON3 BHIZOWTHEEROFE R TH -T2, - T,
7' Z 7 = V/SiC FEZTFAET DA O N ORIBRIE, 4H-SiC(0001)FE HIZF 1) % Si
JFFDZENER—ThDHEZEXLND,

()&, [AIERIC L CRmEIC R E A2 7 M OB S IR A2 7o/ Th 5. SiC Hpfl
Mo A TIEEE 2/BEOMMREIZN 024 nm THY, 2EH L 3 EHOMREITKN
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029 nm TH-o72, KDL FITHEINT™T I 91T, Si-C 31 LA Y —[R L D[MkE
23587025 nm TH H 7, FmoO AL, FREIZEE L HFHIZ OV T 4H-SiC &
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:_,0? —’[ﬁOO]SiC
5 0.26 nm
S _,‘. e
| &,
o
‘»
c
[}
=
0.0 1.0 2.0
Lateral distance (nm)
w — [1120]sc
c
= 0.15 nm
= I I 0.15 nm
® - S
> b 1 gt
‘»
c
()
=
0.0 1.0 2.0
Lateral distance (nm)
0.0 T
€
% ]—Graphene
S 1.0 | L
2 $0.29 nm
| © e 4. 0.24 nm
820 :I_ B
= SiC 0.25 nm
() -, 0,0,
> foso‘e

Intensity (arb. units)

Figure 6-4. HAADF-STEM images of the sample prepared by the ex situ annealing. The

corresponding intensity profile along the highlighted region in each image is shown on the

right side.
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WIZ, 777 = /SiC SmafHZ 317 5 EELS JIE DOfE$ % Figure 6-5 2777,
(a)® HAADF-STEM {&HI(ZUMA CHATE X HI2, 777 = /SiC FLm DM s % &
TefE & 2D T O SiC HROFEIRIZ OV T, BIRWIC EELS A7 MLERGL
2o B)BLV@E)IS, TNENDOMEB TG LI AT v ZRd, OISR T LD
2, HERZETHE T Fe @ Ly L TN0 @O K WIUHIZK T 2 B —27 AR
ST —F. Si @O L WIUHIZ E— 27 1XE & A EBRE SN oz, —F TEIIR
T LI, HEEFED SiC OFEK TIL Fe BL PO D —27 IR 6T, SiDE—
JDOHRPRLNT, ZOZEND, 7T 7 x/SiC F i OMEAIL Fe & O &8 &,
23 SiC Faf & R R Z# R L TWbD B X b D, LLEDRERND . ex situ
MBDFER, 7T 7 = /SiIC REIZB W T Fe BLX RO DA v X —HL— 3 R
EZolEXBND,
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Figure 6-5. (a) AHAADF-STEM image of the sample prepared by the ex situ annealing. (b)
and (c) show the EELS spectra acquired from the regions highlighted in (a).

- 82 -



W6 T 7 ) IRICER/SIC ~T v kG D VERL L 2 0 Rk

Fe & O & 4, 4H-SiC & [ OFEfE T 2 £ offid & L CTlE., Figure 6-6(a)lZ/R
TEOBBENEZZOND, 7B, 2O Fe-0 BOMFE L, @EICHEDH DML
BOfEMEE O VT E S ER 5[24,25], (b)?D HAADF-STEM & H1Z1%, Z Otk

WIZEDEB U I 2L —2a U ERIToRREZHAL TR BIZHR & EMERIC
BT HZ N5,

(a) Possible structure ()

Figure 6-6. A possible structural model for the sample obtained by the ex situ annealing. (b)
A HAADF-STEM image of the sample. The inset in the white rectangle shows the simulated

image based on the structure of (a).

6.4, EE

FBROFER . ex situ MEEAITH Z LT, Fe BLUPODA v FZ—IL— 3 R
B2 DT eIz, Zhix, Ny 7y —J8RMIZ Fe #2535 LTo%ICRE %
KRBT SEEBIC, Fe AL LICHkT o EEZLND, 2 2T, XPS

28T D Fe 2p BL O 1s WIRHENL AT R L& EEICEHE L, i omibek
DALFRE A RRECHL AL IZ B 2 R 25 b nniE, RmtEkED—Bh &2 5,
LU D 6, A0 FER TH LB CIL, Figure 6-2(c)® TEM B2V TR
L7k olc, RENZBWTEEOBILET A 7 v R biz, 2607 A7
RiZ, 77 7 = >/SiC Rz A & —Hh L— b Ligino =i kg o £ bk
HIZEFE L0/ AonN-EEZ NS, Z D=8, Figure 6-1(1)D Fe2p Wik
NARZ FVTIE, BIZINLOEF LEEBE s RSNt LBZEx 615,
R OERERRRFHM AT O 72O, RENTIILERNFRAFE LRV K 9 IT Fe K& =
ZIR DXL 7R LIEREFC XPS MIEZATHOMERH D, TAUTK D PN
AT M IUZBWTHRE ORRLERIZH RS D XA TE D[RR & 5,
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AT U7= £ 912, ex situ NEGUEFO HAADF-STEM Bl£212 8\ T, 77 7 = >/SiC
REOESOBEIL 2 4B ThH-o7=, 2O LIE, 7T 7 = /SiC il TR T 5
Fe-O EDBHITIZ LR HH 2 & 2 LT\, ZHUCESE LT Briggs B
GaAf v X —HL—a Nl oW T To T —REHAEDOK RN 77 7 = /SiC
Fifi CREMICTFETE S GaJi FOREEN 138 THh D Z & & L T\ 5[26],

F 72, Figure 6-4(c) CHRIZ X 512, T OB R OMREIL, SiC M2 6%z T 1
JEH & 2EHPK 024 nm, 28 H & 3 EH2H 0.29 nm Toh o7z, Briggs bb E
7o, Ga DAV E—H L —a BN T, 2O XD RERiEREOE W EZ#HE LT
V5 [26], Figure 6-7 |34 & O#WEIZE T H HAADF-STEM B THY, /77 =
/SiIC FRIZA > X —HL—hLT=3BO Gafi @R s LTilgsnd, 20
BIZIBWT, SIC HEMAAH 18R & 2 & H O Ga JgDJEHIFEAE 0.2190m TH S

DI L, 2EAE 3BADZENIT0.236nm Th-o72[26], DX 5 2 ERIEHEED
EMZ DWW T HIE, SIC & ZKifi £ Ga J8 Tl Ga 5128 Si Ji 1 & GRS &
DO— T, ZDOLEDOETIE Gali R NSRBI GIRELZRSZ ENFEFTH
HELTWD,

S0, e ——

’ . s
Two-layer EG . . . {
Ga '&! ' K

w

Figure 6-7. Cross-sectional STEM showing three layers of Ga between graphene and SiC.

The inset shows the different interlayer spacings of the Ga layers [26].

%12, Figure 6-3 O ARPES HIIE DR R TITHE T T 7 = L D8 ROHDEL
=¥ ICHIET 5 L& 2 b5/ N Fermi YA UTHHZ 1B SLeho
oo 2T, 77 7 = »/SiC Fum O Ik oulefb ki, Fermi ¥EGLTFFIZIT N R
HRFIZIR DA REMED D D, £ D—T5 T, 7T 7 = @ Dirac HONLIED+0.26 eV
RECThHTZ b, REOBILEKIC LTI I 72 NE— vV R—7 3Tz
AIREMED N B 5

Pad
T
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6.5.F&L®D

KRETIE, 7T 7 = V/SiIC g ~DEA v Z—T L— a3 UBAE L D5MOBREK
AT o Tofb R & G BT lE O FitgiE 2 TEM 81221 L 0 7 R 2k~ 7,
Insitu 33 KON ex situ INELD 2 FEFAD J7 1L CTRUB 2 ER U 7= /55, insitu IELTIX Fe
P SiC BAREHEILLED C A EE - T2 2 & TEEI 77 = MBS h, [
IRFIZ, Fe 23 Si &AL THAMUERETERLT D Z & bhrodz, — T, ex situ Ml
BAATo 1B, BRI RN —1c 7 7 7 = VRS, 777 =
/SiIC FHEIZIRWT Fe & O TSN DR FENBIE SN, TDZ &Id, ex situ
MENZ L >T Fe BEXW O DA F—IL—va PRI EEREZLTH
5o ZOFEID Fe-O J&1X 4H-SiC P L -T2 Fr b, SiC Hetl & 27 5t
HZER LT\, 20X 9 & UL 7 b8k oSt E L 1382 %, KEIC
RUTERERIZ, 777 7 = 2/SIC ~T e EE ORI T, 2L TIIFE LG
W R TIES SRR LD OERN AEETH D Z LB RE L TN D,
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