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Abstract

Abstract

Silicon carbide (SiC) is one of the most important third-generation
semiconductors, which exhibits excellent performance in fabricating high temperature,
high frequency and high power devices that are widely used in military, civil,
aerospace and other fields. Growing high-quality SiC single crystal is vital for the
foundation of SiC industry. At present, the main method for growing SiC single
crystal is the physical vapor transport (PVT) method that involves the vapor of Si, C
and SixCy. In recent years, growth of SiC crystal by high-temperature solution growth
method has attracted much attention since it can grow high quality p-type SiC single
crystal that are difficult to be obtained by previous PVT method. Nowadays, a lot of
researches have been carried out and great progresses have been achieved. However,
no good technical research has been reported in China. In this thesis, the
characteristics of the solution growth method are systematically studied and the
properties of SiC crystal grown by the solution growth method are studied.
Meanwhile, the method for characterizing invisible scratches on SiC substrate wafers
is also studied.

First, we investigate some key issues in the growth of SiC crystal by
high-temperature solution growth method. We have studied the auxiliary solution
system used in liquid phase growth, and determined the auxiliary solution
composition and the suitable proportion of each component. By designing the thermal
insulation conditions, reasonable distributions of the growth temperature field is
achieved in the radial and axial directions, respectively. During the growth process,
important parameters such as the bonding of seed crystal, seed crystal rotation and
lifting of the seed crystal are studied and optimized. At the same time, we also study
the relevant parameters such as gas pressure and weight loss during growth. We have
established a basic theoretical model of the growth process, which helps us further

understand the physical process of crystal growth by the solution growth method. We
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successfully obtain a SiC single crystal with a diameter of 2 inches and a thickness of
10 mm.

Secondly, we characterize the properties of SiC crystals grown by the solution
growth method. The Raman spectrum indicates that the addition of Al in the auxiliary
solution can selectively stabilize the polytype to be 4H-SiC. Electrical and secondary
ion mass spectrometry (SIMS) data show that high concentration doping of Al atoms
is doped into the crystal and the free carrier type is hole, which demonstrate that we
successfully obtain p-type SiC crystals by the solution growth method. The doping
concentration of Cr and Ce in the crystal is very low, which are under their limit of
detections of SIMS. We also find that the grown crystals exhibit the characteristics of
dilute magnetic semiconductors. The Cuire temperature of Al-doped SiC is 30-35 K
and doesn’t change with Al-concentration. For the first time, we measure the magnetic
anisotropy of the Al-doped SiC single crystal and determine that its easy
magnetization axis is in (0 0 0 1) plane. Combining with first-principles calculations,
we identify that Si vacancies plusing Al doping plays a vital role in the formation of
ferromagnetism.

Finally, we have studied a method to characterize invisible scratches on the
surface of SiC wafers using lasers. After irradiated by picosecond pulse laser with a
wavelength of 355 nm at a speed of 10 mm/s, many invisible scratches can be clearly
seen under optical microscope. Through the multiple tools, like scanning electron
microscopy, transmission electron microscopy and atomic force microscopy, we find
that laser irradiation can form a thin layer of amorphous SiC and amorphous SiO on
the surface of the wafer with a thickness of 20 nm. Because the scratches are enriched
with more defects, they are more unstable. Under laser irradiation, the depth of
invisible scratches will be enlarged from 1 nm to 70 nm, making them visible by
optical microscopy. We also determine the damage threshold energy density of laser
irradiation for different polymorphism. The threshold energy densities for 4H-SiC and

6H-SiC are 1.70 J / cm? (85 GW / cm?) and 1.28 J / cm? (64 GW / cm?) respectively.



Abstract

Experimental datas show that the threshold energy density is the optimal energy
density for laser characterizing invisible scratches. Compared with the traditional

method, this method is easy, fast and has good application prospects.

Key Words : SiC, Solution growth method, Al-doped, Dilute magnetic

semiconductor, Scratch characterization
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Table 1.1 properties of several semiconductor materials at room temperature

SiC
ZH Si GaAs
4H-SiIC  6H-SIC  3C-SiC
B Eq(eV) 1.12 1.42 3.26 3.02 2.36
Re A (] B )4 )4 [E1EE2
Il 55 28 H3% Ec(MV/em) 0.3 0.6 2.2 2.5 2.12
HTIER % pe(cm?/V s) 1200 6500 800 400 750
IO pn(cm?/V s) 420 320 115 90 40
AT TR R Vx107(cm/s) 1.0 1.2 2.0 2.0 2.5
I € 11.9 13.1 9.6 9.66 9.72
1 1 Tm(K) 1690 1510 3100 3100 3100
TEFEE R To(K) 645 400 1200 1200 1430
TAERE Tw(K) 410 570 — 1200 840

SHEH K(W/em K) 1.5 0.46 35 3-5 3-5
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Figure 1.1 Main application fields of SiC
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WHET) 2R B AF R A T H 45, {43 N SIC AT\ PRod Ak R, FEFREZE S, K
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1.2 SiC @RI
1.2.1 SiC S AHILEHITHIE

SIiC /EA—Fh Si THEM C TLELL 1:1 LU — et &4, HIEAR LKy o
TGN Si-C WY& 7E Si-C VUi Si 515 C JRFIRAE sp® 2444, @ F
SERSEM B AR, BEEH Si-C WAk EA — e kR, i 1.2 Br
No ¥ Si JETRI C JE T4 AR OUR 7 B A 2% R B T, X 05 A e
T Py 4% I8 S 7 S HE RS 5 ALK Si-C WU F 1T . Si-C XUR-FHifE=S 1A EA 3
AR BIHEF T mTaml A AL By C Row, W 1.3 fis. fEXUR T2 HERE
SRR, AR TR A RUE F A ASREAH D, AR AEHESI T A [R]85 T R T 7S 7
CTEET S5 K (o) I SIC AR RIS 5 INEER™ 4544 (B) Y SIC ik
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Figure 1.2 Si-C tetrahedral structure of SiC
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Figure 1.3 Stacking position of SiC crystals on close layer

05 T2 R AN FRIHES 7 AT U SIC ik 45 &g 22 R85, SicC
mRHPIA AT rFEE, Batc R SiC MALE 200 2400, T IX
4y SIC HIANE &L, HarE 2R Ramsdell L3 TAR L. Z 1 RATRS
HF MG IR RFR SIC AR E . Horh o REE T, PR R R A
m R C AR e e H RN TT s R RS IR i Y . B U 5 T
FIRFREAR R BT Si-C WRT2HZ4. Bk 2H-SiC 5 3C-SiC #b, HE
i B S AT I B 5 SR 5 VR B, BT —Fh— 4R iy g5 g 7 281,
W LI SIC 74T 4H-SIC. 6H-SiC. 15R-SiC %, "BAIIAE ¢ Hli 7 1A) ) HE L5 4
K 1.4 FroR, Hodr 4H-SIC R AHELRINUT Jy ABCB:++; 6H-SiC [JFEAHE LI
¥ ABCACB-++; 15R-SiC [ AHELLINT )y ABCACBCABACABCB::+, iX1&
L SIC A IR A RS HINR 1.2 Frosll, X BIEZHE H SIC AN R i 2
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i, kR B TIERE . EE S RARAER, AR 11,
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Figure 1.4 The stacking order of 4H, 6H and 15R-SiC in [0 0 0 1] direction
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Table 1.2 Unit cell parameters and space groups of several SiC polytypes

i a(A) b(A) c(A) o B y “7 [a)
3C 4.349 4.349 4.349 90° 90° 90° F43m
4H 3.073 3.073 10.053 90° 90° 120° P6smc
6H 3.073 3.073 15.079 90° 90° 120° P6smc
15R 3.073 3.073 37.700 90° 90° 120° R3m

1.2.2 SiC @IFHIEELFEMR

SIC dh A IR 525 e SN B i i 2, {843 SiC AL miik 1200 K-1430 K
MBI R, XWgtikE T SiC BAMmMRE s, 1%, A%, %%
TR R, HARIaR:

(1) /1% SIC S B e AOREFE 5 WA R B PR . L 2E IR 7E
9.2-9.3 . [f], A {E 2900-3100 Kg/mm? Z ], J& H Al &L & BRI R I
TERA M EER, BT SiC )% ERRFER, #hd SiC w A T U#sios
T, FFREFEE LE M, TR R B E SR A SICRE, #
L AR A AR i B AR S R R SIC R BT o



VORI R AR 1A A S L PR 9T

(2) #EEMERT: SIC S ARETIE 3-5 Wiem K, 2fE4 - 544 Si 19 3 £%,
GaAs (1) 8 fif. KH SiC il s ] DA gL 3 th 2%, HIk SiC s fhxt
HURSAF I R A B TS, SIS A 4 KIh R 3k, SIC BA AR e a2
. (EREAMETN, SIC SERERE FEZENMAT SiE C MES, MiAs
KA

() fhtEm: SiC HARuE ML, mEmikee R, =REMFE A
ST SRR R A RSP, SiC K ) B T SRR M K — E 8 SiO2
W, PHIERE— DR RN . IR TR 1700°C LA S, SiO; W E LI
TR A A [N . SIC AT LA J Rl R 8 A 77 3 Bl A A B A R S8 A OBy, T
¥ SiC dh v B T IER KOH 5 NaO2 Iyl H & ik, T 3RAE SiC dfdk b AL 5
[24]

(4) HEEMER: SIC 1E NS SR M RE ML, 6H-SIC F1 4H-SiC ff)2E
e e 3.0eV Ml 3.2eV, 72 Siff) 3%, GaAs 1 2 fi. KH SiC il &1
SRS EA BN BRI, BRI g, Bl SiC BA R K Ih R A
PEAE RS R, SIC MEAT IR AR L Si i 2 £, el st AEA
B AR A0 120 e a6 R ST )5 2 mT LIRS p 2 SIC d A EE N Y SiC
fafi. HRTSZEN p B SiC Sk ELE T AlL B, Be. O. Ga. Sc &7 7154,
N B EZEE N R34, B4R E SRR SiC P31 ge
PAEBCRENT . RN VO SERAERIS G R EIN B B ER T SEIET L, fem
HIFER, B3 RA L45M RN SIC M AR,

(5) et B T AAR NI, KB SIC AR LEEH. B
AJEH) SIC iR BT HAE B A RIRILH A FESUE, Flan. $2% N J5, 6H-SiC
EPG; 4H-SIC IR 16R-SIC 2. B4 Al J5, 4H-SiC 2 .
T I LSO B AN R R A E AR, 2 — P B IR 73 7% SIC én B B T v

1.3 SiC BIFHEKHASE
1905 4=, Henri Moissan HLAERATTH KN 7 RIR SIC dmfA, Atk ILIXFh
P ARG NI, I a2 N R4S . Hse FL7E 1885 4FE Achesonlgiid@
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R R SRR R G R AR S IR VAR T SIC. I TR NI 2
—FETA RS, PR e RIED . )T 1892 4, Acheson Btk | &L,
A s fEak . ARG NaCl R-A 35 a5 IAE By o #E] 2700°C,
T IR T 6% PR SiC AR, X FhA K SIC SR 177 VAR 9 Acheson
%, BAWIRE T EAE SIC BERHK T2 . Acheson i i 16 USRI
ik, SR RfeE, HAP K SIC R %, 4iaheBIzE, Wik, L
W2 FARATMER T RS il i iR iR, ANaeH T lid i 4%
s

KFNHSRER R Lely T 1955 4R T —FETIIAEK SIC B iR,
ZITER A SBHRE N AE KRS, SIC B NAK SiC sk EkL, HHZ
LA S A TR O R B — AN 0 X AR KB AE Ar B H SRR
WA SN FAE] 2500°C, AN SIC ¥y RS2 T 5N Siv C SAEYN,
HREE RN 7L 2 AU S|P R O XA J5 , 72 a2 O X A #1417
SIiC At Lely vAZE K& HnE B 1.5(@)Fn, HAKK & AaE 1.5(b)
PR, iy TR SIC ot RN AR ERE, RIS Si: C R 1 1,
HAKBKAEER, 7 DNARSERITHRNSB AR, BAKER UL S
10'8-10% fem®. | TR 2 AL A SR AR A KRR S A K i 2 T, A K
i E S R EEA TR KSEm . BAR Lely vAAH LA Acheson VA F T B R B,
(B H T AR SRR O D X A BN L B, AR SR R 2 SR BRI R ),
HARMERE— B AR K, AN BE T & S B ML FH ) 75 3K

AT 73R BERH 5K Tairov A1 Tsvetkov 1F 1978 E 15 UCKAF 51 N3 SiC @Ak K
AR, BTN Lely W4T T e, a0l 1.6(a) s o XA AR KT AR O “ 2
HE Lely ¥£” (modified Lely method) sR#7¥ESAHA& v (Physical Vapor Transport
method, PVT)®, 7E PVT A KidfEr, # SiC ¥kl E Taii[X (8], 4F SiC #
RBESZ I RSP (FE B AN Sis SioCh SIC %) Ja, Bl & SRR AL 4
FFF P AL AR X TR], AR fh B OGRESS, SEILEBUAME A, AT 3RS R
JOTHY SIC k. HITAE PVT VEFF S, BRI R TR AR O 25
oS IERF AL S &, MTTRRIR 1 Lely ¥R 2 [ BEALRAZ AE KA I i, 45246

~
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KA R ER B, [RINF S AR e R A R € s B PE . Ziegler
A Augustine 5 A\ 5 J5 %} Tairov £l Tsvetkov 732080 1 Beidk, 2 EidEAEK K
RF. ERER SiC fAR? 361, Ziegler Al Augustine B3t 5 1) PVT 4 Kidios
By A E 160y 1.6(c)fn. PVT LRI H N SIC kA K b5k -
() FERERREE AT, Sl ) 4 2 7R SR IR RS @i & 1 SIC AR 15l g, Atk
SIC db A A=K B AL RERIE 7818 40 BN A thE SRR 2R ST IR #
(a) (b)

1 X /I SiC et
i

\
15 (a) Lely BAKIRRE. (b) Lely B KA Rk 2

Figure 1.5 (a) Lely method growth structure. (b) Crystals grown by Lely method
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& 1.6 (a) Tairov 1 Tsvetkov ) PVT A K EEWREE. (b) Ziegler Zid 514
KELEHREE. (c) Augustine FHUHE A K ELEWRARRER
Figure 1.6 (a) Structure of the PVT method proposed by Tairov and Tsvetkov. (b) Ziegler's

improved structure. (c) Augustine's improved structure



1.4 SiC @irmEKREE

SiC AR BRIt T B RA KRR, REER B TERE NRAWL
FAbELIEON Si: C =1 1 KBARAAAE, FEARERH H AT 544 Tk 32 m Frk H
AR TZEBRANEKE—B RS, A s EK. @8RitHE,
HEYME#KT 10° atm, EE & T 3200CHIEFN T, A7 DRI ETE N
Si:C=1:1AMEY, T s ix—Hm, FHEFAIGEAWES 3R T & F
TRk g S KRSE BRANIY SIC &k . B aitb i £ 57 PVT
W AR DL S R A A TR TR A
141 YESHEEWE

WS REE R R B R SIC SR A KT, 2 HATAEK SiC Mk
RNERBERKITE . EITTEAHRILETTEN AR R A LSRG, KRR, Af
kR, REREFRBONIEY, CREI T PR BHET R PVT AR
ARSI 1.7 FT7R o 8 Ik 44 ) 38 R A0 ORI 2 R P DA S B X i 1) 5 4%
AR IA ROV o SIC Kk E TR B i A SRR o, SIC R i ] 2 7E IR
AR PR A SRR E TOT o — A IR AR o0 o 2 190 PR B 2 D 2 oK DAl 6 A K ) B
A e R 5 e i o 3R P A5 P 3 7E 15-35°C Jem X [8] ¥ [l Y » 7 P 2 O B 50-5000
Pa [ o ()T VA LU Dol o SR AEAE L R I 720K SiC ok ek in i
#| 2000-2500°C J5, SiC Myl FHAESfEN Siv SiCy SiCo SRS, FEES
PRI IS BIRF i, JRERF S 45 S SiC S A, sEEls K. FLOLAL
KN 0.1-2 mm/h384,

Z3 MRS /1, B RN PVT 34K SiC RS iz e+ e
R, BRAF SIC AR & = vk U5 v, HOURSFIEZ D M 4 B~ AR 3 6 9t
FOGIF R T 8 Bt SiC 4T dl i FEdh . 21 PVT V4K SIC SR SR 7 1E
— U, R ER AN,

(1) RIRF SIiC A i Jy i) 8 B ARATIAN B . 1T PVT iR A K ik A BEFED
AT RS, ARMESSIL AR 12 . B3RS HARTE K SIC M R R ERANE
K% 4 5871, BBEAE H AT SiC & ST K, 1X — M R Sg s i .
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H AT AL ) SIC IR db i K R 6 98~ SAKER AN Si A1 & A
bb, Ao P IR ST ATI SR M /N o B8 KRS (A i it & T 338 D) BT s

(2) Wi BN PVT LA K SiC 48 & BGPTSR i 1o o 7 45 RO A7
TESPRAK SIC B 4F MU BELIT B, 38 KR R, ™ B S0 SiC MR . k75
S v I R A B L ) SIC Ao T e i AMAT BASE G AR SIC R It RE L, & m]
CAEE R at R 26, B AR e

(3) p BUANEE AW KB NG . HATREDMEALE SIC 284487 i ARk 78 3= 22
PRGBSk R AR R B AF (B0 IGBT. PIN 5K % p BUE. A p
TV AT DLSE AN e A=K N 7Y SiC e, HAMEAE K N Y SiC B AR EL
7E N B B AMER) p SR A E @ ER FIEB R, oLt — B iJt sic 34
PR, EE AT p 2 SIC Ao i BRI . BB R iy, JLERR AR ) R ot A
RN RWYE, BT AR -

Vapor flux

=

Crucible T
B 1.7 PVT ESEAEK SIC BAERSREM

Figure 1.7 Structure of growing SiC by PVT method

142 &HEE

WANEAK SIC iRl T a5k Ah, A B4 K & i)
SiC @ik, IEHRHEFMKREARIFRE T K& SIC MBAREEK T, 4
HERY . RERFHFEH, HH8ESE. LG FEM AR MHAHFN T RETT 4
BATARSC IR AR P R, (A A K SIC SRR AR IRt ZEIT L
RSO B AR T RIS T 2 BE5F SiC R K, HARK SRR E
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5 PVT AR K S AR AR 2 . SRR 4 951 SIC b A i 78t 7E P4
BER o SRR AR A Y — SO I, BT EE L AR KA AR E SRR A RS
B 7 ekt B 1.8(a) /2 H AT FH 2 A TR ab AR AR K SIC St 1 45 #7m
L P A B IR TT VR RN, AR KR FE 2008 2000°C . A K 75 150 KPa.
KH Si 5 Cr #Z M EE/REE A 4 1 6 MIREGIEBAVE NI . RIS 4H-SiC sk
HAN 2 JeF, JEERIA 10 mm, W 1.8(0)FrRH,

WOAHEA K SIC SRAAIT,  BhVA RN B IR S5 6 o A i ] 1.9 FoRe m L
B P9 I T SR B A PR B R TR AR R P A . TEAE KRR, A5
R b A AR KR A C Y. BT IR RE AL (IR 5, C HOVA AR IR, VA AR EE P,
Pt CATESHAREE ib it 2> 34T C IR B, TR C MR . XA R T K&
C IRV 4 W 2 BV P IR AR S BRT &5 R 7 o bl T8 A DR BB A1, 0
. C IRV R FERI BB,  JRAS C AN (I3 A S BICIR  J5 7E % 2 1F N ke
T C R R . P IR C 45 & Bhisi ) Si st al LAZERF & 4k
IEAEK SIC @R IR C HTHS, TR A AT (] B0 R RE AL 4 v
W, FFERIEMR C, R B FERRE, #HATH SiC ik
K ERANEERKE RS, CAERR T IE R ST R A KT — AN &
TR #RRORIE AR KT DR 1T, T C TEHHREBEL MM S 1E
FF b AT AR FEP T . 25 C IR T C T, Wik C BMiE e, #iare
4 SIC HRBUZ: # C I fR/NT C AT, S ARt 2 B T A 2 ik DAk
1To [IEE, XAT C Mg FE AR R C R, A EAK &
AT R U BR B RBE1 SIC R At 75 L ARAIE LA b = I00M FLP A, X Al ok
HOIE N SIC WA AR IR R o AH BE G AH DCE IR SR IE 0 56 38 5 2k, WA
PEK SIC S ALK E 5 R I

LA S PVT A K B B R M, JRHVE AR K SIC AT LR A

(1) PEASHFEAR. SIC Ao i b Fr A B4 1) — B2 124 SiC ek Rg it ¢
S o AeF I R 10 2B A S T 2 AR B AR K SIC AR, AR AR R PR
BEEAEK LB L R o 2 B 3 051951, SRR YRRV A K — 5 T T A KRS 3 P A1 A A i
FE, WD MEER A B YA B0 R AP el T AR ) S BT A A A K
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HRE RS P A, 53— 7 TRV AR SIC b R R AR B SE BN [F) 67 485 2 TR F)
#5802 &) 1.10 Fron, BE4748% (Threading Screw Dislocation, TSD)ak 7] fir 4
(Threading Edge Dislocation, TED)fEAE K #42 o %48 5 =24 (stacking fault, SF),
DR AERE T ), e HE S B AR A, SRBAE A AR R L BT I R B . AT 3RS
TOE . ARALAS 25 B (= B SIC fbik, $R SiC LB fEmTEAE .

(2) Z Ty 703 8, Mg PVT iL4EK SIC @R, MABERNYT KF
LR AERKAW AR A RIS 915, Had T oA LA T RV FE ER,
MRV SIC /] LLIE I 0B B ARS8 S BT 9 A A K o RS 1R Bk
[R5 — 20 RS A BYTPRos i 3R 15 58 K RST (19 SIiC i

(3) TTLAZRAT p BY Al BARE T AE K AR A, IREAXRAR, R
AT AUANE G RITIRR , AR R B 8 n Al AT USRS 5 13RS

IR p B SIC fifA . SXRARTEAK SIC dRiR ) 352
(@) (b)

Thermal

SiC Seed
insulator

RF coils

Meniscus height , h,,
|

Meniscus bridge

Graphite 3

crucible
(container &
carbon source)

1.8 (a) MAMHEEK SIC BEFEE. (b) WAHEEKR SIC Mkl

Solution

Figure 1.8 (a) Structure of growing SiC by solution growth method. (b) SiC crystal grown by

solution growth method
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Figure 1.9 The temperature and solution convection distribution of the auxiliary solution in

solution growth method
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Figure 1.10 Schematic illustration of solution growth process on off-axis seed crystals in
cross-sectional view
BIRBANE A SIC f ik BA LA B, EXF R e At — D iniE, —
86 H R AR, 0 B VRAE SR T B TR AR A AR i AR R A
B EEE . B EE . (HEEEBAEAK SIC S IRHIAR BIA K i, AR
XPEEAS SIC AT\ HERER R B BRI 77, AR AT BEAZ SIC db A ZE BB R AL
HAT, HACKR LA 2 ) SiC R, 4 et @ik s A Kl
TEFEM A oo 700, [ Py A SR AT H A R LB R, A SR AT AR R

Ir g

143 SRUESHERTRE

AL S ITAR 12 (High Temperature Chemical Vapor Deposition, HTCVD)
F&—FhIEFAL 22 S AR YTAR 12 (Chemical Vapor Deposition, CVD)HIE#E T % . %7
W Je iR L Linképing K241 Kordina 28 AT 1995 4E42 I, HA K45 HR
R 111 o A I I RN 2 PR A 1 = i #4 3 1800°C-2300°C, T
A A K= R E MBI N SiHa+CaHg B SiHa+CoHa A N i i A KARME Si P55 C
Ui o X ESSARY U F LA He BE Ho AR, RAENZE NG AL SIC, FFAEFT
A AL SEI SIC AR A K . HTCVD VAR — Bk AR BLRHR A2 K D7 AT LA
TR b4 o) A K R R R SRR Ay, PRAEBEORMAE R 78 A2, TR B A LG T — M % VD
FHAE AR, Wik 0.3-0.6 mm/h, T LU EHUA SiC Sk KR,
(ER A AU DR R KR s T AR KA . MR A B R Bl K T8
WA, SREEEGE . SR HTCVD 4 K SIC AR TR R B, 1E
ARG INER LA MK m & SIC SR A K52
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Figure 1.11 Structure of growing SiC by HTCVD method

15 SiC RIARIERBEMR

SiC A PSR IE — B2 SIC M ERKAT SR E 2R . H AT SiC S b
TR 5 Bf T A W2 A7 4% (Threading Screw Dislocation, TSD). 7J474% (Threading
Edge Dislocation, TED). & F-Tifu4f(Base Plane Dislocation, BPD)Z[™ 7, ix
S B o 0 A2 L ST R T B A 2 ER AR BT S B . SIC AR i 2 WA
B EEA Si B C R ZEYUSTL A0Sl XUy B9 & Ay 116, 92990 55
XL B R BOR, AT W

Forh s & SiC F R BITRe T — B i Wk, LRI SR O ROK R
SRS OETE. RS Frank BESACNTUE 2 B TH IR & (Burgers vector, b)
BRIIALAE N T SR PR BE 2 BT T AR BS) . i B D O A R BT A AT R
R B A2 F A b>n*e (Fidt n XFT 6H-SIiC F1 4H-SIC 4318 2 T 3, ¢ AR A TE
c 477 Im) b B A AR, CERRALES O Rk s AR AR O R T R 2 R B, T
FESRRAL AR LRI B ETE B 2 0 TE, BRI EAR DT M RS NRCK B, #
PR WE o ARAETICE I RO MR AE PR GO 20 9 | BLGIGE A 1 B g e
BB A8 S A o R rh AT AT 28 AN R s AR T TRl I RO BOR, £E 1o pm ALk
HEAYERVEAE0 0 0 177 M HJ7 [nRefE . 1 AR ()7 A 5 78 R AR AEAR K )
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AR, HAEREPREMERER, AT WERNERETREN, £
WK AEEMTT I TT T, L5 o e B BRI A .

MR4E/ST7 SIC SRR S, AR R s AT T ¢ ihEls ¢ Hlip)
K7 AT AR, BTUA ¢ T AT RR 2 BT o i A v R R o 32 AR AR A 5 1Y)
BB 2 S AR IR B AN P [ (8] I R R KK 43 o A7 8 2 77 1) 15 1 [ 2 LI
FFan P AL B 2 AR AR BIAME K R, X FER AL PR A 5 B A o X T
737 AL AT DURAEAD RS & 5 7 45 2k 1)~ A7 50 3 B L 40 70 A 4 5 8
B X T H B AL S50 IR BRI [l A AL B PR 2 B P IHAL S o 498
£ SiC Fh A B AFAE LA b LA A8 21 & i i 25 AL 5

XL HRRE EARTFELE T SIC AR 7 P 202 4k K B 7E SIC AR A _EANEAE K
(R, S 46 1) SIC B84 B B ™= AR B Ar AR, 48 SiC & ¥ . i)
L (R IR AL Ak 2k, Rl o PR S S A R 5T 5Et, & SiC P Ak
ERBRASE, H R F AR i vh sk AR L9 31 T A Rz, (o
TALEE L AR TEBREE AR O I B AL SR R IE TR A WA

B 1 DA AE St A AR R ™ AR ISR B LSRN, SIC Ao I AR H B A7 AE H T
TR RSN FR G, ISR RS 55 SiC S TERE TR, KA PVT iE4EK
SIiC fifA R BT SR A . AR S RS IRAT — NN i R AR ELARAH S5 1) It [
i BE . TN EPE AT IRIAL . UIELL M. iEVE. HERS-RIBRIER A
SRAGF LRI I SIC Ao i Fr T it o AEIX 26 J5 7 0 L R rf i 2 5 NBRI, i
IR RE, Rl R I AR X — SO A E . BT SIC Ry, ZENLIR
1>t (mechanical polishing, MP)idF2 A 75 ER FH G WA OG- AT Y 5 W14
KA Gy 0t e AR T = R B3, TR SR A B 5 2 . BT SiC MR E, 18
J& 4 B4k AR (Chemical mechanical polish, CMP)iE S i 25 (i A%, XAk
DIRE 45140 2 56 4 BRI S ap sk BB BOR AT e A0, B in 3 U ke
WOREANE], AR D RRAF TREM R, X SIC SAFTTE . it 7 A R
], B0 58 3 N T2 ARE A R AR

TEAT SR I SO R, BB IR AE — B A PU BT [ . X 22 0
R T AR 2R B BB I e 2 A B IR R B, (B O BRI A R AE AR XS B 24
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H A E 2 EOGESUR & 5 LT S0 KOH J ik &l Ha 201k &5 gy 1041090
X LTV TR R R EOR R o WA it AR AN AT 45 A% 55 PR 1 S A
TG RE e 2 1t — 2D K 35 BT Rt AN PRAE . I (8 HOZRAET-BL, K mT LA
DR ORI AR B, BB TR ii i &, HERE SIC St kit

16 SiC HYREMHR
16.1 FRHAFFEET

P AR A R 0 A R AT R AR R, TS BT
REJUR R 2ttt , BP0 B e B ESc Il . BEE (S BRI W R R, b
SRR FE PR TR T, A 2 AR B R LA R AT 75 22 dn SR ae s e
TS BB ARG A, ToReR A BRI AR T M0 M B T — B
MASRISE, BT asmAE, FEFITEEN~E. BigEAN. Bt
Ban ARSI B B ) AE U, S E e i TR RN . SEGER A L,
FE R T8 AT A LUR AL A, ()@ BEpR: i T8 2 T i T H e
77 1A e AR S B AR T, A AR AT SEB BAZ IR, L G T AR ()1
BUN: BT A R T R, RGPS T N ATEE] 1 nm. (3)
RAEFE: R M T H I BE M LM SR E R A T 02— (Q)AF 5 Kt
H RS A2 i T i KOS P g, T HIT AR 5 R VA7 o 75 B e it 22 A
Fihis - 544 (Diluted Magnetic Semiconductors, DMSs)Fl2¥- 43 J& F2 45 5 5 L) H Jig
HLT AR Bt SR TR AR AR RENE P T ool s 1 T Y < e A < R S
7> BURAR ML 1 1 J5 T2 il B~ A Sk B8 LA B

(Ga, Mn)As Hi(In, Mn)As 1) 5 IAL 454 - AR B 50 18 A0 T K T ARk
(3181 223 JLH4EA W98, Chen %5 ATE 2011 4FiEIH Mn (145 24k FE 42
TEE] 15%, 15 GaMnAs [k pAH: A IR B 32w 31 200 K181, Nguyen Thanh Tu %5
NTE(Ga, Fe)Sb H# Fe B4 i 2 25% 5 , oAk il i AR iR B T 2 ik 340K 1Y,
H AT ECEB IR MG~ AR W] 0 = RAE &, 33964 Li(Zn, Mn)As 1 Li(Zn,
Mn)P AR ZE K114k 2118 19 D) (Ba, K)(Zn, Mn)Asz, Ba(Zn, Co)2As, (ST,
Na)(Zn, Mn)2Asz NACE <1227k £ [120-1221) ) (La, Ba)(Zn, Mn)AsO, (Ba, K)F(Zn,
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Mn)As Fl(La, Sr)(Cu, Mn)SO AREH <1111k RIE231B1, bkl ity & Bk K
= w TR AR S, BN ATTEE DGR R ER AR T 2 A R R T A A
WU, KRR T 5 1) 92 B B SCHERE T — 2

H R TG A A AE — SE OB 1) A Ao, RERHELUN LA : (1)
Ji R A SRR IR A, BLARTE — AR SR B T IR BRI R
HHCRIFIE T — . QMR EMR: HI&RERPHEARR, KR $®
AARIER D . ()T EE MK E . ()M KBV A N EE A e, AR
G
1.6.2 SiC E#H¥ S

SIC fE N —FiPEREMR 128 AR Bk, HAERI, S DR a5 g B
BTN AT S 25 R6TE SIC @b A SEELEkREVE LA, 3115 SIC SRR 514
W HA HE MBI E . LR, B RHFZHXT SIC 54k LAIRA Skl 1 6 A ik
17T KERIEERF 5 . 2002 4E N. Theodoropoulou 25 A\ 281 i B 133 A\ 1 77 44
Ni. Fe. Mo JEN 6H-SiC 1, FA I M8 i Nk Lk 31— & B AR 5 35 ] SE B
PP, oo 40t Fe S RIATI 5%)5, B BN A 270 K. 2006
A, W. Wang 25 A27I7E Mn 352411 4H-SiC it & B 1 300 K I8k A A2 . 2007
F, S.B. Ma %5 NIt — B3 d i 48 £ % 3C-SiC 1 Mn & & (M 1%-5%) 3L T
JE& HLELE M 205 K 3] 250 K #4438, Z. Huang 25 \'2E5E Cr454%, #£ 6H-SiC
At S T Ak AR AR o SR e N30 BN B 3o [f] AR 4 ik 1 4% 1 Co #3241 SiC
e AR TT DAFE RS N R B, Fe 4% 1 SIC 11 = HLIE & o8 2 18 438 K.
RS0 0 2 R i 5 N IS R B AR R P 1) AL $82% SIC [ RE AT DL Skt , HL7E
SR P A REAS I IR SRR . AL EREE R IIEAERIME R, RRAE SiC
REVE S s M Bk M & R SR H o BB S B R R IL(ALL Cr)FI(ALL Fe)
SFRUTF A5 Z4 AR AT DU SRR 1133 1340,

HARAT K SIC ML SRR A QA 7 AR R, 8 B 7 5 i D
ERE R A HGE, B SIC PRI RIS IR M T A M . RIGE NI
SIC HE:A R 5441 AFE & BLIE DL HAR i AR AR R DR e 3oL, A ot i
KU SIC HIRETES SR BRI B DIER R . 0525 NHRIE, 7E4 b4

4
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M5 ) SIC BRATPAFALE Si S C AL B AL x e S BURE S SiC sk
REPEFE A R TR, JCEE — 1 SR BT B A SRR — M. L. Yu S AT I 5
R TSRO B AL B2 IR ARESE SIC S AT REVER A, 72 S A
A5 Al SR H RN BCALAR A B AR . SIC AR RIS IR ) SE VR IR EAR
FAFFIE— DIV o TR A 1A I S 08 1 PR KB 0 i R AR B R R A, S
B B HEEAFAEAR R Z B . RRSE . iR Y SIC M~ T 1A & % o 75 ) o LA
ENAH S5 ST T B HEAT .

1.7 SiC Ptk & RRITIR

BT 2 AR SIC A SRS AT 7, AH OGRS T K IR 98
Hul SiC ke Hilase s, MATRE SME 7 BIZEHIE . Jd%, B
AR, PR TS HERL SIC ARG . BT, EAMZH SiC AR dh AR
KAFHFKE Cree A EEI-VIAH . #EE SiCrystal A7 . HA Nippon steel
NS, BN BRI, (EE R G IR 28 MOk, Sk 4k
BSOS N2 P 3 N M NG 1 1 = = B <1 R AV Y s 37 N e 51 50 S (/N
A, FEGRBHEEEE RRE. AN FEAR, Fred gk By
Jio Cree AWMEN SiC S A A KATIIAGTE, I SIC 4+ K& R~ 5%
R AL TS . H T Cree AR [MAE SIC AR fi v Bk 30 i fr, 4k
Hi BRI 80% LA F. 2019 4E 9 H, Cree BARKEREEALMIEER T, %L
J B SR B S B B AR LA K B AR 200 mm R Sh R MR SIC A1 &, £ W
H: 200 mm SiC #1J & 7 ARk & HoR 2 H k.

H AT b SiC 4o i di fr () 37 i BA 2-6 JE~1 1) 4H-SiC 1 6H-SiC ‘7 Hi Y
LRIy E . 2015 4 10 H, Cree HSGHEH 17 N RUF1 LED F ) 200 mm SiC
FHRE T, A 8 Jit SIC R &by FRaa M T A HEdE o 78 & 7 o i 7 T R 22
A2 W . LR ES s . 2R R C 2/ 2 T B A,
TR AT SEIE 2 A X o S AR B TR BUmER, 2R AR Stk
T SR PR, A RRIIARE T SIC SRR . BT SIC Sk Kt R A
KR IIATRE LA AT 2R T, R 2 WA 4 5 ) A7 i 4 2 3 U A S 4k
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ARUERCH, AR 1 B B A BOR I BOR M o H A 2007 il R A7 8 % B AR
Wi, AP RSP MR L (% @ 7E 103 em? B4, TR B TN
WHE 103-10%cm? 12100, KRB SIC PR R SRR IR, A
FEA B0 R e 0T R I LI R i 3 B R AR A SRR AR R
. FRIHDREFE LA AT WRIRSE, R AR b, Sl B il B . R RS
A LA B E] 15 pmy 40 pm. 60 um. 0.5 nm AR, A IR EN A RL5E 4
TR

2016 4, B W F UG ) Venturi B, JE/E SR ZE S {HH T IGBT + SiC
() SBD ZH4& LAHUAR AL 45 200 kW A8 #5411 IGBT + Si ) FRD J7%. dudts,
WiAR SR CRIF DN RARRI RS T, EEEK 2 kg, T 19%. 2017 4FiE—
K H SiC 1] MOS + SiC 1#] SBD J&5, MHEREFEL T 6 kg, TE/N 43%, 1
AR Fe TR H AT 200 KW _ETFZE 220 kW40, 2018 45147 (Tesla) 2 7 75 3
Model 3 7= 5 () T JR IS AE 28 Hf R 7 SIC 388 E 2 )5, /RTERNRIRBOR, A
XEV IR BT IR SIC izt iR, B4 SiC ST, HAHR
N7 8 PR IS . 2018 4E4 3R SiC ThR B (FE & SiC JBS Al MOSFET)
KT 24 AL TC NR T Yole 22 R TN 1431, 2020 4F SiC i LIS 15 3
AUAZTE NIRRT, FE LU I 40%0H) 52 & - B3 K 30 4k s g K 191131 2025 4,
43R SIC ARG MR E 220 /2 C NIRRT, 3] 2030 4, 4:3K SiC Th#
AT T 1000 /2 C AR M. EN SIC #4142 & B bR
40%-50%.

B SIC AHIGP ML BRI W 7e 3, Hosum 2, AIEE P ik — D4, Sic
AN WA RBIEAC, SIC T TE4 AR N AL, Kk, SiC
RN T2 Mo B BRI FE L SN, 7 T I T
T, WIS By, oy E RE G E S

18 ARMXMAREXSMHRAR
LA SIC AR IS =AC SRR a] LU 2 L Si AR IS — AR 2R A
L GaAs JARER IS A AR LIET 2 B TEORM M. "l mzh®
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L PO (30T 25K o i SIC SR Dh A8 B vy P oM ey RO AR
HLBR AR TR B L TGRSR B BERAR AR i, AEHL T HL A8 S BB S AR
Hre/E LED SFGUSEA REFITEREILS, AT 2 A ORI AES . Fraedtix
Ty BRI, PUESCIEA 5G IBEHEA UK. [FIF SIC e h L H B A
JZ RN, HAETRIE S iz B R A S TUAT 5 A A AR, 4%
AU L RGP A O BOR T . T R Bl A A O M AR R AN W A
SiC SRy 2, ATEENE . PEREIRFRINS BRI/, P IR B AR, T
N TS L, SiC B VEE IR @, A b C2iZ 0 M HT 2 I
A [ BRI S, DB, HAREEAMNOBORS B, Hed
T2 ERAMEDS 71, SIC AR LA R BRI, AR L EE D) B,
A B A AR GE R M A i A A2 BIAME v A2 77 F B S 46 5%
BT BIBARTE A, SEIL T SIC AR5 MV A i) 41 FE 74K« Yole 22 =] il 1 2030
9, 4Bk SIC Dy BT ML T 1000 1270 AR, [H Py Sic a4k T
W#) S E BT 40%-50%. 9 16 S Wtk BRI, B A SRS 7R
AWrEED, 55 1B .

WARVZEAE Dy SIC S ARG E E )57k, e — A B RIAESE PVT IR
BRI, IRAF R AL KRS p MBI EAE B TE. Rl
7RG PVT JHEAEDUER p BUGR IR, SRABURIVA 25 1 p AU IR A AT BA
P Tl % IGBT S FAIXUR LSS, ek SIC 7k p B4 JRBR A L. H A
[ AR iz AUk Q2 BUS 7 EUOR SR, SRR A K 2 9~) SiC ik 2l PVT
FAERKM SRR EMS, HAT 1R, A, p MBS 17—
RO, IR HARZ AR, JAE RS R, BUE SE AR S i A KT TR
P At PR B AR BRI EE RS 18, KIRAL TSP B BL. WU
RATBE RN — MUK PVT 353115 SiC MRS, B A IUEHLIEIEAT BRI BT
7T, ARTTRESEIAR SSHEOR LRI, My SIC ATV o 8 I WA ) % 1
ARATLASRAS m Al 8251 SiC dfl, AMUATULSEHL 1 p BRI %, BT 7T
Al 2% SIC SRt~ T A BRAPESR O 1 B G iE bl ARSCHIE SO B SiC i
VERCIRARAT A B, W] LAESNANOG B e i 7 2# I H o e4h SIC Ak — ELE LS

2
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SIiC PP A FE B — DN EORAERE, FRAF DU | fa] 5 AR AL SR e A9 VA BT AT
XA SRR R BT IR R, AR T REE TR o

BT UL, ARSCEEAELL LA TT AT 70

(1) B BARIRE K SIC @i FRATTRHBUAR T AR 2 T A 1) B T 4Lk
o AREANEZ DA FRELERTPIIMRSE. AR REEEZ AT
REAT T ER IR R . WIDEESL 1WA SIC diid A BB SE A, D9 vorl v
A SIC AR IR IR TR T . BT S UK 2 9] [ SIC dhik. A TAR
7 A E RS T AR A K SIC SR BN ER & I FUARIE , RHBARTE AR 1 %
AT AT AT T, O E AT AR SR AR RIOT R BLE 1 Ak

(2) MBANEARN Al 251 SIC SRR S EET 7 RAL, BRI IT 14 i
IBRBENE . AP BORIVR LA I BB b, BRATDN FLR ot % 1 e BRSPS R
TH IR EGEAT 7 ABRAE, SRl BT T R AR TR, R TR
SIiC FRf e A SR R R R R R EEAT B e s B 2 SIC, SRIG HE i i B
SESRML LR SIC AR S ARG AT T 1 2R

(3) KR K HOE R R T 2 SIC A TR A R I RR AR AL, SEIL 1 A
JEE AR Fr R fa] B, PR WTEERAE . BATIEXBOCRAERIR R B S Rk AT 1
WRR, DR BOCRIERIR K R
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B2E SWHERFE

TN T A AR A K SIC S A AR K g S L TAR IR B, AR A K
e VR [0 SIZ B 7 ¥ DA RE R AE T 30 R0 SR EE o 3 B (R R A L5 20 7 AT F T SR
HFRERE . JR T RE . b8 i, M T BRI, SRR
. PPMS Zi e WMLl &E RS 58— VR4

21 SiC B&iFEiK

AT SIC @RI K TR VAR, BT A KOd AR okl A T B i T
Ui, HCHRR A TR R 5 (Top Seeded Solution Growth, TSSG). M B4 K% 4%
FEASLIN A B BRI AR R SN A R KR ST

211 SiC mAFEEKEE

AR H R R AR 2.1 R ZBREP R B NI RS B’
TR AR RS WRARGUAT. FENEWT:

(1) MRRGE: AV KR UK ROk . A28 F g7 1) 77 A P E Uk
LR PATRYR . R . PR AE 2 kHz A A . B
D AE A SRR T U A HU, AT A AR AR R o 8096 T SRR 421
RS R G

(2) AT ARG ERKMERPENE DR, BN R A,
FEAGEMEE FIBAIE KRN, &AM BRI O BEOTL A E % s, B
HUH AU 5 T IR e 3 I S R BR L FE AT ik 1<10° Pa. EL 1 AL
AHEER ., M, AR SNERG. ERTHE, THEENTTER Ar
AR

(3) HRALIEHE RG: RPLIEFE A E 7 N S e 5 IR B I i ke 55 h
oy, oy AR i S R SR R A e A . b i e B AT S B 0-30 A%/
Gy BRI e o e B 4y RIS TR, AT 43 50l SR & 5 4 ) pRod e A7 5 4
KR G - . F2 3N R WA 5 5
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(4) MR ARG HAR EJ7 A A s B RS D IO A Z0AMNIRA,  mIx
AR RE PR R S AT S A

ARAARBL % AT LA VAR AR SIC Ao Jas s TS $R 4L, R EELIN A%
TR, SEBL SIC aAMBARAEK .

Bl 21 RRABAEELEK SIC RBERRE

Figure 2.1 Equipment for growing SiC single crystal by solution growth method

2.1.2 SiC miAEEKFGE

RN 2.2 fos . TEAE KRR IR TR A K 2.2 FroR g5
WETHETEEEAN. BPEEsEE, FRESE, KPR ERMZE 1407 Pa b
F. ZHBEHEAMEE, 78 50000 Pa-100000 Pa ] Ar <o JFJE FRAREEIR, X
PRI IR B ThE AT I . ik BITUT IR, BhiEmab s, Jerkr e s
W E 5 mm AEBEAT R L h 5, FRROR S BVE VAR B . R BV R
fu J , FF b HR B e S IR PR FE AT IE BN, MR RO . MR
K2t A Ja , DABCHRTH P it P B VT« 42 R80T BV AR R AR 4G 3R
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agn o

\\ Pl £ s B
e

CE ke X ?q X T
L 1 . X O
— X e DT
R

X X

A | Y

==

2.2 BAHBAEK SIiC @Bk N SRR E

Figure 2.2 Structure of growing SiC crystal by solution growth method

22 MmMRESHIGE
221 BFEMBESHI

SENSENTA T C v ey i) (1B Y = 1D e AT £ TR v e P s SRR (B b8, ) A D A
e, AT LAETE S o HER B AR T R TH 3R 5 s 5 HEF

13t W 1 55 4% (Scanning Electron Microscope, SEM) 3 3558 i Ui 48 o 7 2 ol
FES R a7 A B T SO SO T = AE S AT R . —
T, BOuH. TR IR 2] (5 T RIS ES o A R DU F SRR
R, RN SR B R TS, FHE 38 LRI mT 45 2]k
MG R BRI A R — Ak 50-100 A, B E SEM L& HL Tk
ﬁ%t%{)((Energy Dispersive X-ray Spectroscopy, EDS), AL E D 3T E

%5 5F L T 5 4 (Transmission Electron Microscopy, TEM)R] LUK B 1~ il iE 5
B il S B R RO S, H R S R AR EUN BCE T, I LR

25
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BB A AT . TR R 9 B T A K 5 K] g A
FEIRE . EERRHORIR R AR, T A R T4 15

222 BRFNEHIRDH

J& - 1 B A (Atomic Force Microscopy, AFM) AT LLEE V402K R V5 BBl Y 4R
WFES LR, 2 RRIESNAZIA TR, AFM FZEHHRWEE . &
R RS . R RS DUG IR B RIS DL AT SN TR o 2k, i
2.3 li7n. 2 ARM TAERS, OB & K H B0t R BD6H 1088 EIFR AR,
Ot R PRI #5422 YA 381 S S BT8O o A i 72 S PR B S R A 3 S AR T T AR EAT 4 s
a, R E_ERUCROC A B R A AR, T8I RS B TR SRS AR AR
TH B FAE SIS, AR sed s I 7 ) BB N 5 B Bruke A R AE I
MultiMode 8 A5 ¥ J5i 7 /) . d . 1Z W& KH T ScanAsyst S, [FIIN L
B T IR, e, AR DA R S M AR 45 22 R R A AR

Computer

V

Feedback system

2.3 AFM EA T/EFRHEREELS
Figure 2.3 Schematic diagram of AFM
223 HBAIES I
WS AE BAE R B, BT CUAR YR 6 B S AN [R1KE 43 S s e i
SRR B . 7B O R, BT R A BUR AR, R, U
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B AU o EARRMER AR Y, e T SR TR R E A, AT R
rREE, HAR KA, PRz NHE U (Raman Scattering) . AR 38 6 T4 1
FHEECE T B, SCAT 53 R v s 2 HIUH 5 S e e b 2 U . Seae it fE
FHWOCHR RS, KA Raman BUR,  XHEBUR YGRS 6 AL RS RIS 21 1) 1
FIRI2Y Raman J4it%. Raman JGGE A — ARl T4 05 IR AE T B Al LA iR
B E T RE s S ., TR MR . 76 SIC SRR, Raman Y61tk 43 4T
TR LA R R & SIC SRR Z5 M5 5, W€ SIC SR S8 5 45 i T &
CL T2 B 2 SIC dt ARl A Hp o an 2 2.1 LA LI SiC &8 # ¥) Raman
PG .
R21 JLAER SIC BB Raman kAR 14

Table 2.1 Raman spectrum frequency table of several dirrerent SiC polytypes

$iZ (cm't)
(RSN ES
i 2 frammEE By EPEY SO
X=q/qg FTA FTO FLA FLO
3C 0 — 796 — 972
0 — 799 — 968
2H
1 264 764 — —
0 — 796 — 964
4H 2/4 196, 204 776 — —
4/4 266 — 610 838
0 — 797 — 965
2/6 145, 150 789 — —
6H
4/6 236, 241 — 504, 514 889
6/6 266 767 — —
0 — 797 — 965
15R 2/5 167, 173 785 331, 337 932, 938
4/5 255, 256 769 569, 577 860
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2.2.4 FERMA S
FE IR RN (Hall Effect) LA R F AN 2.4 Prs. RIS, 76 x Fli 7 [A) 388 FE iR
I =nevbd, H b, d 3l arEi5E S ERE . 78 2 f7 M neis B, Hf
BB R R BRI s AR 2277100 y BT 18 e o R AE y BT 1A BT SRR S
TRy 77 10 () B3 (BB JR Ha3) o 24 FLAp 0T BT Jte N ) g R 0 ELAar e o
I7IH55RT, RleE = ev x B, MEAMMARIEFN P4, 00 H y 577 160 1) o R vy (2
JRELVE),  DURT SR tH A BB IR BEn = IB/(Vyde) = 1/(Rye), H TRy =
Vid/(IB)FRNEE /R ZR 4040 1500 g 7R A I B 5 o o 0L A B 1 B - B
A SC Hall AR5 1) 2 52 [ ACCENT /A 7] 47 1) HL5500PC 7845 Hall Il &% .
B R AR R BT R S I RN &, FLE B ] 2.4(b)FTE] 2.4(c)
W Z VA DR SR M E R R AL SR, MR, SR FIER R K
HO T S E A R A S B 0 RS U BV I AR 2 A DS SO R

[151, 152]

1ap
D(c) A D
Vu
7 B
++ ++ + +
B C B G
Ve

24 (a) BRUNMEFEEREE. (b) HAZEEHENNRER. () MESKERIER
=E. BF A, B. C. DRpHEBIE

Figure 2.4 (a) Schematic diagram of Hall effect. (b) Schematic diagram of the van der Pauw

method for testing resistance. (¢) Schematic diagram of the van der Pauw method for testing

the Hall effect. A, B, C, D represent electrode positions
225 GBI
BAN 3 GG FE AT LS R B 2 RIS | 3 i i DL R SO g A T
JERETE ) 32 B A AR BRI . RS FESFE DLAOGIRIRI 25 . Al
e Tt ) B A [ 9 B I A o S PRI E , SRS B TG S A O AR AR I 2 B4z
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Froesm, SRR IR TR IS AR D EREAF, B AR BB T
RS ot 5 B S iR, RN B RO TR AT B it ) S SO i T3 1991, A s
ISR A T H AR By EE A w477 UV-3600 Plus, # i 70 # Ak

0.1 nm.

226 ZIRETFRIESHIO

TR T R i (Secondary lon Mass Spectroscopy, SIMS) & —Ff ] DLAE#f il &
RN AHRAR TR TR T B, R ik ppm &2, 12 B
TR T EOR . ALFEHR S GOREOR DS A dn B 555 2 e k. L AR B B
TR B TR R A R, W T R SR T BT 2 7B T R K
KGR, TERORE T IS o WS KL T — R CA P o, i — /N A
AEHEr B AT, RO IR 1o SRS SR T o0 M 2 s DU B 00 J 8 T AL RS ) ot
BT AT IRAE IR PRI R B R, WIS kB T, @i 5HREre
it EERE ATRA € T 3R I B B B AR S RS T RS A N A S e
4] (Evans Analytical Group) il #5445 .

227 ZEYIMENERZE SR

AL SR A Y I B 22 45 (Physics Property Measurement System, PPMS)
#& Quantum Design 2 &) A4 P2 XA i I BEHEAT 28 A B 1) 2 ThRE M 1 4% . 1T
DASEIUIGIR . 5837 2600 FREM IS A HERGEE R R E NS . Seae el
& RS2 PPMS-9 T, HimZn 4y 1.9 K ~ 400 K, fis7ml A2y
9T ~9T, IR EEE Ry 12 Kimin,

AV 4K AR SAE i g 5 B (Vibrating Sample Magnetometer, VSM)i#E4T
WYL . VSM AT LR St B BEAT v R BBURE ORS00 o 0058 P AR A TN
— LRI L Bl B0 rh o0 I DAL 8 B S 4RI BEAT SR B o H LRGSR L S R AT R
FE RSN, T RAVCON AR BRI 2 Bl A R B IR L AR R SRR R
FAELE . R E RIS RS IS B0 T, I8 BRSO A8 I B X — A B
H AT 45 2 RE G O RERE . MBS, O ARRE G 7 RN TCRER ZE I BEAT I &, B b e
DK B4 RS £E TG A ST R

29



VORI R AR 1A A S L PR 9T

228 HF—MFREHE

T SRS B o 1) 58— P DR P R AR AN T 22 56 A S 1) 2 B0 AN AN AR
FE— LG AR I HON B AR TR (&1 %),  ATTIEAT AR B BT AT T
M EARTHR T DL 8 — BY R BT 57 VA A Hartree Fock, % FEi2 BRERIL,
LI Gy 73 125008, R T &7 1T B, ARMAESEBRITH 5 4, Al
WE X R BEA 10%/em® ERWET 2R, XXE—MERKRBET T
FI B E T 7 B AR N o PRI IRATT L 20U — RPN A REHEAT K. 1 %
Fe - B BRI AL, H T R N R A B AR 2 L i A T R KT
JRF AR, RIHIRATTRT UK i 7 A0 T AZ OB R B i s RISR L T I B 2
15 77 R R A] SR AR AR 2R I HE A PR 0 o SR AX AN D7 A2 HH T H - HEL A B A 0
WIAFAEIR S AE LUK AR, Hartree 102 FLT HOBCRR BN 1 1E— A4, HB - FR0IBRR
HOT R BT R H SR AR, KPR A M EAF IS . Fock #E—2B25 B
B T ASHI SO AR, R E T T AR AR O T B HL T [ Hartree-Fock 72 . 28
I Hartree-Fock bl 20 1 L7~ HL T 2 [ AR ELAE ], 300 SR04 R0 A s
BmZER K. BEZ R s TR, B REHT Hohenberg-Kohn (1
PN E B R R ) FEAS RE R 1 B R B ME— V2 R BERZ BRE B T IR
F 25 A T X LE B UKL 408 52 R OO M, 55 TR B . e 3 1%
7Z B Kohn-Sham J7 2. EXANTiHREHr, 24 jn) @l R AR R i 1 50 - i) e,
HAERE 77 Z I BRI AE o AR I A SRR B A 2R AR AR, 0 5 22
LRl HILRA R BT AU(LDA) I AR LI EN(GGA) . KA B iz iR
[¥) Kohn-Sham J7#%, FERHEHBMITE, [EERIBATERE, MH LS
FIMRLOAMERE A . RETTEE M) TR, B, mArSE. A, R
BE— RYVMERIERE M EEAA RS HL . A TAECRIE T S ROE R AT 52 T A 5
B, BHRKETZEAET AN E R TR SINE R T RAGEN T, Hh A
7oz BT BE AT L AN, REEANEN T RIS REVEH], XA LA 2L
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LKA Kohn-Sham 7788, AT ASBIADRIASAE(E AL R 2, HETIAS 2IA0RHT
RS
A8 FEE R A Vienna Ab-initio Simulation Package (VASP) #4347 55—

PEJR BRI, VASP #4tH, R Perdew-Burke-Ernzerhof (PBE)AZ #:5< Hk bR
$UA1 projector augmented wave (PAW) &, LT[y a7 #E A 500 eV/Ite0- 161, f]
B k 2 1A) R 2 B R ] Monkhorst-Pack 771k, EVARH] 4x4>3 Mg, %
FETHECR A 8>8>7 WAk, Sy T3 InSEMLE R, JATEE AR F ATk
BEAR L B AN 152 77« 752 71 8148l 102 eVIA, HEAISIE S 100 eV,
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3.2 RIEEAK SiC BRIARIEIR O

SiC di BRI (IR 5 X5 i Aron i B W & 3.1 s . 8 42 R
S, BATRTHR 7 S I R AR Ly, AR IR AR R R I
Jiid, MIAIENAN IR, BRI A NI, FEOHIRAMIIR B R, AT
A AR FE R BT LR i, S IB R — NI R SR AR foe vy, LT Ak
O R ARHIRIA AT . BT BERA MR ZE, S MEEAR, Iz
W RPN B, BTN R B NI AR .

FEWAEAEA SIC SRR RE T, AT DUZ RS f iR A 0 3 ANB B

BB« ARV WA VAR SH o B (TR B 5 e AR 3R AT C OV A, LA o 52
AU R 2 s

Vigge = k1 * Sy * Ty * (Cr, — C1) . (3.1)

SErhV, ARBIEIOEAR C MU ky RBIENUAIE C BN RRL R
BNV SR % Sy ARZE NIRRT HHR RO BT L, T, R H B G B
Cr, AT R F VAR C WL, € HHRERIb SEBRA0 C WKRIE . Bk (3.0) 7T
DU HE, S TR R AT MR RE ORI B T BV A C Wt
I, BBV C U A R E AR (K

BB 23t C IR, VNI C WREEATIC, . IXEE C YR VR AL D)
F R XA FURE St ety L B T L2

Vigie = ko % (Ty — T2) * (C; — C1) - (3.2)

1Z%

SRV, REBIFIEH C M. K EBEIOEH C R RN, RS
BRI S TR AL FE . HiaR(3.2) i LA, 2 DRI 5 v
WAL IRESR, T BN R, C MR SAE ISR

= 4 CIRIENC, KB B SRS, B TR SRR AT,
SREH C HIMRITK EEMEACr, o BLIR BV ORI T B B A A A, 3ok
T C 252 B0 Si 26 5k e SIC . XA C 0 HER T L2
s

Visge = k3 * S+ (C; — Cr) .. (33)
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Forti  AAF SIC ZhEINHFE C HOHEE: kaf2 C IOTSRERAL RS BhENA
SRR SRFHTRTR. HRE3) T UFE, LB ICHI R C kT,
C HHHERE KR

Bl 31 BhABARES SRR E
Figure 3.1 Temperature field and solution flow distribution in the auxiliary solution
AE A RIRE BT, T 202 C FIEHERE . C s imig EM C
FEIEFE A, R

Vi = Viewm = Vare = Ve .. (3.4)

Hrpv,, (AR SIC SRR RKIEE . & C VIS s ik 5 M DL A2 i A4
ARKITEAER C WESE, B RA KU LMRIE SIC ik E, S MAE
A MR )R, BRSO PG AR SCIS R R . & C AR, 1%
KT SRR AE C WIS, K RBORIMAL C Wk EIZE#E N, o Krid
PR S EOH AL A SIC BB KB IN 2 A K, BRI E SIC ki — H K
O 2R, H I B IR A iR A K AR, BRI LR AT 92 56 i TE 40 i
wo

BE— B B AR A AT R P ) C HIis K, K Cr M Cr, 50 B RO AR Ze
R, R

Cr, = kg% Ty .. (35)

CTZ = k4 * T2 (36)

35



VORI R AR 1A A S L PR 9T

Horh ke VRIS Cr SR E RIS 28 K (3.1). K (3.2). K EBIYMA
(B.4)EFH AN BE)F(3.6), F5:

_ kyS1[koka(TE—ToTE)—k3kaS;TE | +kokskaSy (T Ty —TF)

C, = .. (8.7
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C, = k1S1[koka(T2 —ToTE)—k3ka STy To|+kok3kaSy (T T —TF) (3 8)
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¥ 20(3.7) 1K (3.8) 1L 171 (3.4) 14 21
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... (3.10)
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(1) B=E C #els, DMET AR RE A LW IE RN . (2) BN
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A 5 EE R RS, AR AL T AR (1)-(4), R RIAE KR,
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1E Cr BB IR R, CrAE A B A R EE TR BONEE, ik,
BATE FRAEATT il Cr X b AR A=K R 2R o FRAI 1328 FH B B VR ZEL e et 2 Cr
Siv Al 1 Cr HZRMINBIER T C A8, NAERKSRMEA: Sih SiC &
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ABEARTE: Al b A KR I FRAPRAE R — 7 R AT VA 18
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R
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32 WAEAKRERFIE. () BEBSBE/REHEIA Si: Cr:Al=50:35: 15 B
AR RARILE. (b) BhEBSSEE/R IR Si: Cr: Al =35 : 50 : 15 BF AR AR
&

Figure 3.2 Top view of crystals grown by solution growth method. (a) Top view of the crystal
when the molar ratio of the auxiliary solution is Si : Cr: Al =50 : 35 : 15. (b) Top view of the

crystal when the molar ratio of the auxiliary solution is Si : Cr : Al =35 :50 :15
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AT B BE /R gy Si: Cr: Al=50:35:15 Al Si:Cr:Al=35:50:
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BHE AR AR I IE SRS, XAFEVRAE[0 0 0 1177 Ak SiC 1) 4h
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KR At . Frp & 3.3(a) s MK Cr S EIERA KR SiC abikl ),
Kl 3.3(b)Fr~ v Cr S EBNARAKE SIC Al . WHPY) AT LU B &
W&, K Cr KK, ghiarhOEFE, TGS R B EAR 2, Cr
R ST, SO BB B TR R . RIS DL H ] 3.3(b) T
FEIR I di A A S0 1 € Bh B0 R DA L T 1 3.3(a) P ) b A K = v
XU Cr LIS, MARERR T .

S o Mo G
3.3 WAHEAEKRARATIFE. () BIEBRSBE/REFIN Si: Cr:Al=50:35:15
AR SR B . (b) BOWEVRA BE/R LR Si: Cr: Al =35 : 50 : 15 B A K IR f
A E
Figure 3.3 Vertical sections of crystals grown by solution growth method. (a) Vertical section
of the crystal when the molar ratio of the auxiliary solution is Si : Cr: Al =50 : 35 : 15. (b)
Vertical section of the crystal when the molar ratio of the auxiliary solution is Si : Cr : Al =

35:50:15
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HA S 14 R U ) SIC /INRLIM Y, HLH AR S A8 KB IK FLE BTR I AL 2 )5,
R AE KR PR G T IR SGE, aARE IL 2  SIC ISR B B, B
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34 WHEEKBEKHLE. (2) BHEBERSBERLHIN Si: Cr=>55: 45 I AKHI &
BRE . (b) BISBURS BRI Si: Cr: Al =49.5: 405 : 10 B A KA AR IE
Figure 3.4 Top views of crystals grown by solution growth method. (a) Top view of the
crystal when the molar ratio of the auxiliary solution is Si : Cr =55 : 45. (b) Top view of the

crystal when the molar ratio of the auxiliary solution is Si : Cr: Al =49.5: 40.5: 10
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Es.é ﬂi*ﬁ%&&ﬁ&&ﬂﬁ%ﬁﬁ& (a) %)ﬁ?&ﬁkﬁ@ﬁ? HeBh Si: Cr= 55l : 45 H‘TéE]{”;EI‘i
mEATI R E. (b) BIAWRS BEREBIN Si: Cr:Al=495: 405 : 10 BHAKK SEHY]
FE
Figure 3.5 Vertical sections of crystals grown by solution growth method. (a) Vertical section
of the crystal when the molar ratio of the auxiliary solution is Si : Cr =55 : 45. (b) Vertical
section of the crystal when the molar ratio of the auxiliary solution is Si: Cr: Al =49.5:
40.5:10
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EEMRZ S, ARG AR SR B 2 S, SRR
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Si:Cr:Al:Ce=37:56:2:5 [MEIFRA KK A EHIRTH 5 3.6(a) s
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B 3.6 WHEERGEKIMILE.(a) BIEBR D BE/RUAHINSi: CriAl: Ce=33:52:10:
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Figure 3.6 Top views of crystals grown by solution growth method. (a) Top view of the
crystal when the molar ratio of the auxiliary solution is Si: Cr: Al : Ce=33:52:10:5. (b)
Top view of the crystal when the molar ratio of the auxiliary solutionis Si: Cr: Al : Ce=37:

56:2:5

3.3.3 Ce X &BRAFE KAV

SO AR B B — A B R N a2 BhA A A K R R RS ARt 2 £
H) C. $&15 Cr & = [E SR ] DLER S B TR % C, (HJ& Cr BIA Ak s, Cr 5tk

42



95 3 & SIC AR K oG BE R R T

I oo T R AR AR P T A B o, X P AE R 2 R E DL KA . T EA
PR A KR P AT IS R AR BIVARITE C BT, FRATI S I o DU h A ik
Gr. Ce fENMIIR F BB 2 MM uE, AHEMNEZIIMHEE, HAMHEEE
3.7163 1N mT LRI, 7E 1800°C MK L T, Cr M C HFRA 5%(atm), i Ce
HIH 55%(atm). [FIE Ce FA M BURMIIE £1(798°C), AN i 23 FEARBh A )
& AL IR, AR T B A, Bk, 2K Ce MBI
RZE 53 (R BURE A R T AT LAEAS R I S 6 25

AT BE R o beAgl y Si: Cr: Al : Ce = 35:50 : 14 & 1 HIBOIA BT 8
Ak, HAEKGERMLE ST EWE 3.8 . ME 3.8(), Ak AT
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Figure 3.7 (a) Cr-C phase diagram. (b) Ce-C phase diagram
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(b)

10 mm

K3.8 BIWREBERHBINSI i Cr:Al: Ce=35:50: 14 : 1RHAEK I Sk (a) HRLE.
(b) YIAH
Figure 3.8 The crystal grown by solution growth method when the molar ratio of the

auxiliary solution is Si : Cr: Al : Ce=35:50: 14 : 1. (a) Top view. (b) Vertical slice

39 WHEAKSEERBEYIFE. () BIERES BE/RHHIN Si: Cr:Al=35:50:15
B AR SRR U B . (D) BHVAVR RS> BE /R ELBIA Si: Cr:Al: Ce=35:50: 14 : 1 By4K
AR Y A B

Figure 3.9 Transverse slices of crystals grown by solution growth method. (a) Transverse
slice of the crystal when the molar ratio of the auxiliary solution is Si : Cr : Al =35 :50 : 15.
(b) Transverse slice of the crystal when the molar ratio of the auxiliary solution is Si : Cr :
Al:Ce=35:50:14:1
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Figure 3.10 Crystals grown by solution growth method. (a) Top view of the crystal when the
molar ratio of the auxiliary solution is Si : Cr: Al : Ce =33 :52: 10 : 5. (b) Side view of the
crystal when the molar ratio of the auxiliary solutionis Si: Cr: Al :Ce=30:50:10:10
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10 mm
B 311 WAREAERKSERHEE. () BiEBRD BRI Si:Cr:Cu:Al=45:40:
10 : 5 RHAEKK RAIRILE . (b) BIEBUREE/RELBIN Si: Cr:Ga:Al=45:40:10: 5/
R ERANILE. (c) BABSBE/RELFIA Si: Cr:Fe: Al=45:40:5: 10 BHAEK K&
(Z3 R
Figure 3.11 Top views of crystals grown by solution growth method. (a) Top view of the
crystal when the molar ratio of the auxiliary solution is Si : Cr: Cu: Al=45:40:10:5. (b)
Top view of the crystal when the molar ratio of the auxiliary solutionis Si: Cr: Ga: Al=45:

40 : 10 : 5. (c) Top view of the crystal when the molar ratio of the auxiliary solution is Si : Cr :

Fe:Al=45:40:5:10

312 WAREEKSERAT B, (@)BhER S5 BE/REH R Si:Cr:Cu:Al=45:40:
10 : 5 B AEKH) SAEAT Bl . (0)BIVEW RS BE/RELHIN Si: Cr:Ga:Al=45:40:10:5
AR AT Bl () BIVETR RS BE/RELBIN Si: Cr: Fe : Al=45:40:5: 10 FfAEK
KA B
Figure 3.12 Vertical slices of crystals grown by solution growth method. (a) Vertical slice of
the crystal when the molar ratio of the auxiliary solutionis Si: Cr: Cu:Al=45:40:10:5.
(b) Vertical slice of the crystal when the molar ratio of the auxiliary solution is Si : Cr : Ga :
Al =45:40:10: 5. (a) Vertical slice of the crystal when the molar ratio of the auxiliary

solutionisSi:Cr:Fe:Al=45:40:5:10
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Figure 3.13 Appearance of the crucible wall after crystal growth. (a) Appearance of the
crucible wall when the high temperature line is at the bottom of the crucible. (b) Appearance
of the crucible wall when the high temperature line is at the upper surface of the auxiliary

solution
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Bl 3.14 AKEHENARBEHES. () FMREEHRERAR 4K /GBS REEES. (b)
TR 4R 7 B VA VRV THD AL I A2 K 5 A BV MO T T 35
Figure 3.14 Morphology of the surface of the auxiliary solution in the later stage of growth.
(a) When the high temperature line is at the bottom of the crucible, the surface morphology
of the auxiliary solution in the late growth stage. (b) When the high temperature line is at the
upper surface of the auxiliary solution, the surface morphology of the auxiliary solution in
the late stage of growth
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B 3.15 BAHEEKREBRE. (2) FRLENRRANEKBERMLE. (b) iRk
T B ¥ VROV THT AR I A2 AR K IR 1
Figure 3.15 Top views of crystals grown by solution growth method. (a) Top view of the
crystal when the high temperature line is at the bottom of the crucible. (b) Top view of the

crystal when the high temperature line is at the upper surface of the auxiliary solution

316 WANEAEKRBABHBITIF . () RELAAHRBARN KRR E. (b)
oo i £ FE B VROV TET AL I AR K e A R U
Figure 3.16 Transverse slices of crystals grown by solution growth method. (a) Transverse
slice of the crystal when the high temperature line is at the bottom of the crucible. (b)
Transverse slice of the crystal when the high temperature line is at the upper surface of the
auxiliary solution
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Figure 3.17 Top views of the auxiliary solution after cooling. (a) Top view of the auxiliary
solution after cooling when the observation port diameter is 30 mm. (b) Top view of the

auxiliary solution after cooling when the observation port diameter is 15 mm
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Figure 3.18 Top views of crystals grown by solution growth method. (a) Top view of the

crystal grown at 1800°C. (b) Top view of the crystal grown at 1850°C
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Figure 3.19 The morphology of the auxiliary liquid surface after 40 h of crystal growth at
different temperatures. (a) Auxiliary liquid surface morphology after growing for 40 h at
1750°C. (b) Auxiliary liquid surface morphology after growing for 40 h at 1800°C. (c)

Auxiliary liquid surface morphology after growing for 40 h at 1850°C
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Figure 3.20 (a) Temperature curve of the furnace at 5.5 kW and half atmospheric pressure.
(b) Temperature curve of the seed crystal before and after contact with auxiliary liquid
surface
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B 321 {HEEAEKMEESER. () EKAEEMLE. (b) TSHRE 1A HERS
Figure 3.21 Crystal grown at a constant temperature. (a) Top view of the crystal. (b) Crystal

morphology after 1 month in air
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Figure 3.22 Schematic diagram of seed bonding structure. (a) Structure with graphite paper.

(b) Structure without graphite paper
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Figure 3.23 The morphologies of the back surface of the seed crystals. (a) The morphology of
the back surface of the seed crystal when the structure with graphite paper is used bonding
the seed crystal. (b) The morphology of the back surface of the seed crystal when the

structure without graphite paper is used bonding the seed crystal
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Figure 3.24 Vertical slices of crystals grown by different bonding structures. (a) Vertical slice
of the crystal grown by the bonding structure with graphite paper. (b) Vertical slice of the

crystal grown by the bonding structure without graphite paper
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(b)
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Figure 3.25 Crystals grown at different pulling seed speeds. (a) Top view of the crystal when
the high temperature line is at the surface of the auxiliary solution and the seed crystal is
pulled at a rate of 50 pm/h. (b) Top view of the crystal when the high temperature line is at
the surface of the auxiliary solution and the seed crystal is pulled at a rate of 100 pm/h. (c)

Side view of the crystal when the high temperature line is at the middle of the auxiliary

solution and the seed crystal is pulled at a rate of 100 pm/h. (d) Top view of the crystal when

the high temperature line is at the bottom of the crucible and the seed crystal is pulled at a

rate of 100 pm/h
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Figure 3.26 Top view of the crystal grown at a seed rotation speed of 30 rpm
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Figure 3.27 Side views of the crystals grown for different growth times when the high
temperature line is high. (a) Side view of the crystal grown for 150 h. (b) Side view of the

crystal grown for 300 h
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Figure 3.28 Top views of crystals grown at different pressures. (a) Top view of the crystal
grown in an Ar atmosphere at 0.5 atm. (b) Top view of the crystal grown in an Ar

atmosphere of 1 atm
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Figure 4.1 Top views of crystals grown by solution growth method. (a) Top view of the

crystal when the molar ratio of the auxiliary solution is Si: Cr: Al : Ce=43:50:2:5. (b)
Top view of the crystal when the molar ratio of the auxiliary solution is Si: Cr: Al : Ce=40:
50 :5: 5. (c) Top view of the crystal when the molar ratio of the auxiliary solution is Si : Cr :

Al:Ce=36:50:9:5
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Figure 4.2 Raman spectra of Al-doped SiC for sample Si, S, and Ss respectively
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Table 4.1 Doping concentrations and Hall results of Al-doped SiC samples

Al BRIk L H B3R E FHBH 2 PR FITRE
FE g
(/cmd) (lcm?®) (Q+cm) (cm=®V *s)
St 9.62x10%° 5.115x10%° 0.22380 0.625
S 1.78x10% 4.791x10% 0.04745 0.366
Ss 2.03x10%° 9.832x10% 0.02283 0.278
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Figure 4.3 The absorption spectra of Al-doped SiC
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Figure4.4 X-ray diffraction rocking curve of sample S3’s (0 0 0 4) peak
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Figure4.5 Crystal surface of sample S; after KOH corrosion
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Figure 4.6 Magnetic properties of sample Ss. (a) FC and ZFC curves at different directions

from 5-300 K. (b) M-H curves of S3 when H// (0 0 0 1) at different temperatures. (c) M-H

curves of Szwhen H_L (0 0 0 1) at different temperatures. (d) Arrott plots for Ss. The x

ordinate is H/M and the y ordinate is M2
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Figure 4.7 Magnetic properties of sample S,. (a) FC and ZFC curves at different

temperatures. (¢) M-H curves of S, for H_L (0 0 0 1) plane at different temperatures. (d)
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Figure 4.8 Magnetic properties of sample Sy. (a) FC and ZFC curves at different
directions from 5-300 K. (b) M-H curves of Sy for H//(0 0 0 1) plane at different
temperatures. (c) M-H curves of S; for H_L(0 0 0 1) plane at different temperatures. (d)
Arrott plots for S;. The x ordinate is H/M and the y ordinate is M2

T BA R A AR AR KRR A SIC B, BRI RS 5 R & B R
JRARRTH,  FTCATT LAs e DL L RETERE Rk BT AL B SIiC sk &, Hor
PR e B Al 4544 7T LLSEEL SiC SEMREE SARMIHI . T8 be i
REASRmMETHD, BATEIEEREL Al $54¢ SiC ALV, R HE
PR B 5 45 170 S5V O A7 A B W R P S SIC G S A 25 U &R, J2: SIC AR R
HERR T AR TTRE . REVENI R B S R EIR, BEE AT Al B2% 5 IR
WK, SIC By BB M 588 P O PO 1 o, [ B S R IO H B S8 PO % 1) S
Ve, HGBACHTEQ 0 0 1) P M. {2 Al & & HIAR I B X RESH I T A 2

77



WUREI BB A P2 K B S L P 5

CASCHER, FATUCHTLIRZ Al #5241 Sict¥
EAR(AL CrXUBZRR) SIC, H M-T &A1t 35 K Mol 7, AAHH
U F Tt o TR B A AE SiIC BA HLREME LR M HAB 4% SiC (ki vk
HARRT LSS, FEX P ILRRI AR N, e Al 52 SiC & LR E AR
31 WX, [EINAFESCER PR IER E T OTEWREAMIE, G A LS

= AN
o élil{:l\

H

7N

SO, AKRIRAE 30-35 K Z[H]

MER TcAhZER, (EREARLR T, RITELLSE

M-T HEZE T Arrott K%

IR, HERA T M4 A T 30-35 K, HE5 Al B LHE XA,

(@) (b)
— 0.0002
| ——S Hie -
Y S S, H/¢c
iy Bl 0.0001f Sy HZab
0.005- _, Sy H//ab =
) Sy H//c ) - =
5 0000F . o wy 2 00000F :
) ) = Sl
0.003 -0.0001
0.010}
1 1 1 1 1 1 1 _0.0002 1 1 1
-6000-4000-2000 0 2000 4000 6000 -40 20 0 20 40
(©) H (Oe) (d) H (Oe)
0.0004 - S, H/¢ 0.0012F ——S; H/¢
S, Hvab /[ L 0.0008} —S; H”/ab
0.0002 . ) i A B o it
Y /-7 T 0.0004 3
o . &b s Py
= 0.0000 - 2 //'///' 3 0.0000F .— i U
= o s =} Lo .
L T / &) -
- 3 = -0.0004 A
= -0.0002F .~ 7 s e
7 -0.0008 L -
20,0004} ./ -0.0012} j
-50 -40 -30 20 -10 0 10 20 30 40 50 60 40 20 0 20 40 &0
H (Oe) H (Oe)

4.9 (a) 7£ 06000 Oe MIREFIERE P, FEM: Sin S A1 SsEEARFITT I H 5 K HIRERF[R12% o
(b) S1 #E 0140 Oe FIRREIHTEREI A 5 K FIBERF B8 . (C) So7E 0 £50 Oe FEREIZTERE A 5 K

FIRET [E1 28 o

(d) S37E 0 +60 Oe HIEAEIAIE Bl N TE 5 K FIRER B £2

Figure 4.9 (a) Magnetization loops of sample Si, S; and Sz along different directions in the

field range of 0 6000 Oe at 5 K. (b) Magnetization loops of S; at 5 K in the low field range

of +£40 Oe. (c) Magnetization loops of S; at 5 K in the low field range of £50 Oe. (d)
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Table 4.2 The coercive force and remanence of Al-doped SiC single crystals

FE g S Sz Ss
Hc(Oe) 14 16 47
H//c
M((104 emu/g) 0.2 1.3 3.6
Hc(Oe) 24 12 7
H// ab
M:(104 emu/g) 0.6 2.9 2.9
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Figure 4.10 The supercell model of Al-doped 4H-SiC used for the first principles calculations
43 AEMRER ALRF. Si Zhr. C =hrhrE KA e
Table 4.3 Al atoms, Si vacancies, C vacancies position and effective magnetic moment for

different models

s Al JEFArE Si i B CafifiE AR (us)
R #1 1 2 0.00
TR #2 1 3. 4.5 0.00
FEAU#3 1 6 0.00
B4 1 6. 7 0.45
BEAL#5 1 6. 7. 8 3.00
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Figure 4.11 (a) Calculated total/partial DOS of model #3. (b) Calculated total/partial DOS of

model #4. (c) Calculated total/partial DOS of model #5
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Figure 4.12 (a) Spin density distribution of model #5. The yellow isosurface means spin up
electrons and the blue means spin down electrons. (b) The PDOS of model #5. (c) The band

structure of model #5
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Figure 4.13 Angular dependence of the magnetocrystalline anisotropy energy (MAE) of (a)
model #4 and (b) model #5. The right figure legend illustrates that the spin vector Sin (01 -1
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Figure 5.1 Schematic of scratch changing during polishing and etching. (a) The appearance

of the scratches in the early stage of polishing. (b) The appearance of the scratches in the late

stage of polishing. (b) The appearance of the scratch after H; etching. The shaded areas
represent dislocations and stress-enriched areas
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Figure 5.2 Laser light path for irradiating the surface of SiC wafer
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Figure 5.3 Optical microscopy morphology of the sample surface after laser irradiation with

different pulse energies: (a) 12 pJ; (b) 23 pJ; (¢) 99 pJ and 117 pJ; (d) 370 pJ
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Figure 5.4 Damage ribbon formation process
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Figure 5.5 (a) the schematic diagram of the experiment that the left side of the wafer is
irradiated by laser and the right side is etched by KOH. (b) Optical microscopy morphology
of the wafer surface after laser irradiation and KOH etching. The left half is the half after

laser irradiation. The right half is the half after KOH etching
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Figure 5.6 (a) SEM image of the damage ribbon. (b) SEM image of the damage ribbon after

acid corrosion
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Figure 5.7 (a) AFM image of the damage ribbon. (b) AFM image of the damage ribbon after
acid corrosion. (c) Crosssectional depth profile at the position indicated by a black circle in

(a). (d) Crosssectional depth profile at the position indicated by a black circle in (b)
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Figure 5.8 (a) AFM image of the wafer surface at the extension line of the scratch exposed to

laser and (b) cross-sectional depth profile at the position indicated by a black circle in (a)
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Figure 5.9 Cross-sectional TEM image of the scratch irradiated by laser, observed at the [1 1

-2 0] zone axis
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Figure 5.10 Semi-log plots of the energy dependence of the half width of the damaged ribbon
on the (0001) 6H-SiC surface (H) and the (0001) 4H-SiC surface (@)
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