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ABSTRACT

ABSTRACT

Due to its wide bandgap, high thermal conductivity, high carrier mobility
and high breakdown electric field, silicon carbide (SiC) is considered to be an
ideal semiconducting material for optoelectronic devices, high-power electronic
devices and solid-state microwave power devices that have been widely used in
radar, 5G communications, rail transit, new energy vehicles and other fields. It is
precisely because of the important military value and broad market prospects of
SiC materials that the United States imposed a technical blockade and product
embargo on China. During the Twelfth Five-Year Plan, China has invested a lot
of scientific research funds to develop R&D layout, partially solving the key
technical problems of SiC materials and devices. At the beginning of the
Thirteenth Five-Year Plan, many ministries and commissions issued policies to
promote the rapid progress of research and development of basic materials, and
the research of SiC materials has entered the fast lane.

At present, electron irradiation is often employed to introduce intrinsic
defects into SiC materials in order to adjust their semiconducting properties.
However, there are few reports on the structure and properties of irradiated
defects in SiC materials. In this paper, the irradiated defects of 4H-SiC crystals
were studied by low temperature photoluminescence spectroscopy, and the
dependence of irradiated defects on test temperature, laser power, irradiation
time, annealing temperature and their spatial distribution in crystals were also
investigated and analyzed.

Results showed that after irradiation with 10 MeV energy for 3t holding
time, the carbon vacancy-carbon antisite pair defects (VcCsi)" and neutral Si
vacancies were successfully introduced into 4H-SiC crystal with maintaining the
original crystal structure. The axial configuration of hh/kk with Csyv symmetry
and hk/kh basal surface configuration with Ci, symmetry had different
excitation energies for different configurations, resulting in different distribution
along depth direction. Among them, the maximum of Al strength appeared at

the surface and extended to the depth of 60um, while the maximum of B3
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strength located at the depth of 30-40um below the surface and extended to the
depth of 75um. The strength of Si vacancies reached their maximum at 500 C
and disappeared after 700°C atoms. The reason was that the interstitials, created
by irradiation recombined with Si vacancies. In addition, the C atoms around the
Si vacancies moved into the position of vacancies to produce the (VcCsi)*
defects.

Key words: 4H-SiC; Defects; Electron irradiation; Photoluminescence
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B TIXFRN % 2B T RGN B RRAN B AW, B G RpE Tz TR
BTV SR B HEAG S IR DT . SIC AR m e, BRI nl &k 9.2-9.5, & —
PR 1) e OB AR, DR RE A5 S IR SiC 1 Tl Ak A= 77 oy R e 1) i
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AR RIS T SiIC ZHRE e, 3 2012 4E )L, Infineon A ] £
RATT HTARSIC ZARE T . 2013 4 3 H 3£ Cree KA 2 X SiC MOSFET. 5%
VAR SR LG, SE 4N ARG T BURAE T AR . PAR RN 1.2kV Rl 56
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1.2 SiC BI45H

SiC J& ¥ IV-IV —oectb &4, "ERIEAARZER R IAa M IV RE T (RIBRAED o fE
N CEH SiMME—FENAEY, SiC 1 EE 12 B B HFI AN A& L, B4
IR TCRH 4 A4 C I 71 1A Si it JL s 25 & T8 B B DY A 25 #4141, Si J5+
LT VYR ) RO B, A Si R PR 4 A C JRT. Si-C Bl iR sp® 44b 454,
FEAB TP /N DU T A4 2 Rl g 3t 82 . Si-C 88K 2008 1.89A, C-C #8218 3.08A. SiC
AR R T LS A 1R, IS8T B R R . B R FE MR, SiC &R
WRIIFEFRIR L 2008 1200~1430K, [Kltk, SiC diRmIE SRS, X343 SiC ML 1.
MmN ZiE o R HEEP T (= iiyw 2 g aUR

B 1.1 SiC #9 w9 & 4R 254
Figure 1.1 Tetrahedron structure of SiC
SiC 7 fb AR &5 #4977 T 5% HE )Ry ROl B 2R R B iR, H AT C A I 200 2 Ff
ZaniY . HTEBEEERIIEARE, SiC KB AME. —Meiniamid (Wl
B-SiC) , XA EANEEA 4k n—RKENT MR (W Na-SIC) , Xl Y&
TERR SR, AAENARIEZE I SiC.

a-8iC B-SiC

B 1.2 a-SiC #=B-SiC 898 F 2&#)

Figure 1.2 Atomic structure of a-SiC and B-SiC
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H Al 38 K H Ramsdell £F-5 K538 % Fhfi 8L 1) SiC aR A, ZAF S S EE S
FEpItp I Si-C oo S, JFIR— i, FROoRHARIRG (GLIT1R. NATEEL
FEAHA Cy HBUR KRR o BIANSL T 458 (3C-INEFI 451 FINIATE (2H 4860
4H M 6H) MZEEZ A (15R, 21R) o L b, 2H fRS R IR AR — 0 Wi b AL,
oA Rfg RS MO SR K, 1 SiC — B W1 T 45 B B I i S 7 454,
Ho 4H 1 6H 25w WL, BTt 4H-SiC 5 6H-SiC A B w3+ Z M T+ %
PREAEH, AR S5 BT S F 1 1E 2 4H-SiC.

SiC XUZ MR FEA AL, HHIH Ay B fl C RoRE THER P . [NAED 45 F i
BN 9 ABC-ABC, X231 H B # Ui 3C-SiC 4544; fE/NmiE RS+, CHh
FEHT =A%, MELMAN 12000 A i, B A D. HTH—ZRARSERIF, §45
SERAAE R ) bR AR 8 1) R R AT B 25 LA AB-AB [T HES:, A 2H-SIiC; B
ABAC-ABAC #1 ABCACB-ABCACB H#EZRi 7, |24y 4H-SiC #1 6H-SiCl®L.. & 1.3 15 H]
7 SiC &bk 2H, 3C, 4H M1 6H 55 F Z MRS 7, BHEE h Mk 73 nl K oR7Nid
TR ST 7 A S A, P TET B T 7SI T i A R (11 20) PRI 5 R 0 (i
T

2H 3iC 4H 6H
E1.3 MH-F AR T

Figure 1.3 Stacking order of bilayer
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1.3 SiC R4 EE
1.3.1 SiC B4R 4 58

4l SiC 2 — M E I, Tk SiC & AR MRS EAE, hEEkE.
gh. Wy EEAM, FEHEMLAE AR R . HArdeE T4 =1 SicC 49 2 Sic A
2t SiC WFh .

E1.4 Z&SiCH4%ESiC

Figure 1.4 Black SiC and green SiC

SiC WS IRHEAE A 2] 9.5 4%, LR T A EEBIIERNIA (10 8 . SiC i B %
EELF, LLeNIAm B S, JERENEE. A, SRR MR SiC 1—KEE
P, SiC ik BAREHTHEIRE, KL 2700 °C. EATLTREERIE T, BHAL
AL, SO R B KA R, SIC A Si AV IK RECGEAR—B, BTLLE AT 18 1 FAR
FIAEE N, Wb B AT AR R AN B s, RERSAR I N AR TS
1.3.2 SiC BL M &E

SiC HA R iaeErt, X5HRRMPUAMMER B, % SiC EF P
I 2 K AEEA, 7E 1300 °C I SAER I = B AEECRIP R, AT BE L3 A 38
GEERAEEMIR N . (A RBEERET &, IR RE 1627 °C LA RS, ORY 5 ) 2 4 it
W, Bk, AT 1627 °C E NFE RIS b SiC AT DS i fe il 2T, 4, SiC
W BA BRI S, O R IEAR 5, A 5500
1.3.3 SiC HyEB % EE

SiC A& — o gL 7Y (1) 5 2835 2 Sk, 4H A 6HSIC HIZEH5 95 B2 70 Wik 8] 1 3.3eV Al
3.0eVI, 5—4UR AR SRR R EE, SiC 7R NS AR SARM R A R B A3
SiC 28y Ja L LL Si iy 1~2 1, W TIEBE RN 1.7 6%, &5yume 6 f5bh b, Hfax
i 1.6~2.3 £ SIC AR EUK B A8 T 98 RE4R e i1 S840 10 AR IR, HE4RIEFR SiC
AR % 1 Th 28 REIE B 600°C K LA AR AED . 1 i #4538 m DA i 23 (O B
Podi e, BRI sm T DL s AR IR BR TAEf R, SiC b B A & i Hike i e
71, NEEESHERER. F. Pias LRI R,
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#& 1ISIC 5 F- kAt 69 40 SZ 1 A
Table 1.1 Physical Properties of SiC and Other Semiconducting Materials

Rl Si GaAs  3C-SiC 6H-SiC 4H-SiC GaN
TR
qiﬁ&i‘*%*ﬁﬁ; 1350 8400 1100 450 580 890
(cm?-Vis!h)
A 1.1 1.4 2.4 3.0 3.3 3.4
(ev)
g
(10 o) 029  0.39 2.19 3.90 2.42 5.03
B TR R
(107em-s1) 0.9 1.9 2.6 2.6 1.9 1.4
PG
14 4 4. . 4. 12
(W-em™-°C1) 0 8 36 8

1.3.4 SiC B9

FEICEF T, SIC WEA R R KILUCR, B A& R R 6 S8k
W Z A, FHFRCAE TR, SiC IHA R HEA MR S, 1P
S, BIEFA— RS 2 57— MRS e s & . SiC Bk, kAT
Ao RE L B ) (3 G

FHEZ X SIC Re RSBt AT 7 REM . MHBE FIEANNTTE, 823 7240
3C-SiC, ZRKIHBEFUEKIEET), TR GHE ®, NETRIRN ST
IR EHLER, T Bk As e IR H 5. B2 508 7193 3C-SiC #E, ERSFM4T
WE AR SR, /ARSI LB R b, s B3, 3C-SiC RERRE AR i iE . B
EIAERT O T V2T, SR AROGHLER AR A I H KGR . a7, A
PEH T PP ERAAY . S PRI RN RO R | AR G 1 R BRI A OERRY . (H 2
7 X —4E SiC M B RUR BN TE R, TG & T2 5 iR 3C-SiC K. Bk, AT
RN SR EHLEE, FFRE 3C-SiC KAkl i & TAE W2 A n] b,

1.4 SiC B ig

1.4.1 THEE. Wtk /& thatd

SiC EMN BE 1+ T VRN S ke 1tk J7 T R A T RE R S st i, ] FH T i 4
AR MM, BIRPALE. SiCAR. MASHER. BRI, BTG 28T
B MRARE . W, W WHEE . WET AR BAT, WU BRI R B B A
MR RMR Z #02 SiC IE A KL,
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B 1.5 SiCAt K #% 4= SiCAY #

Figure 1.5 SiC refractory bricks and SiC grinding wheel

1.42 B

SiC W[ 4r 4%k SiC 1T AL SiC, XAt e 1 HAF AR B RH, S SiC
m AR BT RINRE T80, S5EGRETRE B T2, SiC TR
PERT LUK K FEAR BERE, 520 HE 7 T4 SIC A T 2 S AT 5% 25 0 B AR TR A1
DL et B BRI 28 1F L 4 HE Th 2R 38 P R AR AR B8R 10 5 A L, TSR ATk 2
100GHz VL |, "TLLEEIREFEIE 85, BPXPibl R G mas i e im vk ge, £ 1.2
FIH T SiC AMEME S Al s D) 2 SRS M R R . SiC S B A ST
R, MAEREEMEIRF SR, LA TEREMSHEER, L, SicC
P SRR ATE ZE T AR BRI 2 .

% 1.2 SiC M489 &2 AT,
Table 1.2 Application fields of SiC materials

Rtk el W FH

FE T A A SN S N 5 =1 B2 7 AN S SR T
T i B KAROGEM GE. 506 « BGHOL. mEREEBdEFAE. Kl
LA E il Nt

%. T
BRI, R, may LA TR

it R B A4, WHEAZ. B
a IC % TR

I " . SFET A%, BER
B TAT R % PR e Bl N
e OEIE IC, BTAFERGN AN AT RE, TR A
Ak is o B0

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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KRG 6H 7N 2.9eV, NI B, 3C-SiC #ifHAN 2.2eV, GG
P=my=ni=aNr
[F] 0/ X 1.

% LED Al H Tt KRR IR o VF 2 ORI #7E KB AE 7™ SiC i (A&t (o
LED, X—#HF M S AT KEm, ek VFERTHERIE L% T,

AN RE . AT IR, WHL. KESERSITLRRCIRES, JFH SIC mil
B2 R T J PR ] o IXARE RS AR RS i R B RCE , 38 ] LT 29 R8T, I
X0 H HT AR ZE 1) RS EER T A 2 — N
143 EAMR

T, WY carborundum, & SiC [—Fh. RIRMIEZEARML, H AT 0 #

RNTLEM TR TSR A G HAE A KR, R0 2 07 #0574y
PE, EEER R E AR, TS A

1.3 X5 5AIUATE B0 E B4

Table 1.3 Comparison of gemstone properties between Mozanite and other gemstones

J& 1 RN B ANE ¥ el WEA SEA
S (PTHER)  2.65-2.69 2.42 1.77 1.77 1.58
KE (BHD 0.104 0.044 0.018 0.018 0.014
HEFE (%) 20.4 17.2 7.4 7.4 4.8
B [ 9.25 10 9 9 7.5
W 75 75 75 75 U /1%
HAfHERA O&) 2 N FEREATY, FRERSZH S AR AR, DK
FH S50 Pl B 7sts -

B1.6 ¥ %54 ®&

Figure 1.6 Moissanite ring

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.
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1.5 SiC &K SHI%

ML, BEERRMEEE, S K T 2ROk, AL 15 20 5
JIR AR A o FEEEAE AR To R B AR B SiC FERRT, SIC AR KR — AN EH
AR, B ATAAAER &Rl SIC B A KEOR, FERX AIAE T d R4l B2 . RIHRIG . B,
AR ARKFAEAI SRR kT b, AR FANE A KA — i
(YD e A4 AR AR A gy i DARERE PR ) A R R Ze S Bt AR =, T 7 S A K R A
JEM B BT SR ARADRL, e R B R OF BRI EE KD Tk,

1.5.1 REEK

FBEIHT CH St M EME RIAFET, 5 WA K DT R R Y SR s . —
R, MR AR 77 nT DA K H R I B SIC B (ElkE:), HIRR NIRRT (E AT LR
Ky, KEENJUEDK, #YIRSFERT B A AR K =M% BIASE Y %N T Imm
JER R, XL O T R A A

SiC AR K7 ki Bt J.ALely T 1955 SEJF A48 FH (1), Hb SiC # A K E AR
#1749 0.5cm. 5 PART Acheson J59:4 K SiC SR L, %A1 B 25 55 s 4l A
AR T SIC SRR Y ARSI R 1SS, B SiC R R 2
TEAT S SRAN Z2 FL A S8 RE PN F 2 ). FE Bt AR S i CR& 2500°C LA B B,
Wy AR A THE, 8O P G S E B ER, TR AR, I HAE LA
(S TEI P, 7RI IREE I PO B R SiC # A . 1B52, Lely J7ik32 2 AE KR A KR
FEHIA R IR, SFBOGIERS ] 2 2R Gk R .

Tairov &8 K 7 —MEET Lely A KB 77 7E0S, 12 X7 T8 AR KB Bfid 53 4
SiC E AN, $RAE SIC AR EAR IS AR . 2077 (st BAE P 15t (0 ) B <A
Fetigiids) BEUERA AR BN, I B A R ZE AR B LSRR &A= BTl
T SIC R &, EEAREEEARAR FAEK T, JEEERE (>20000C) FREGSSL
PEAdKEE B LERCK) o SeU Rl TASES S, FlEASSEB A

PVT A KRR BB FE 1.7 fin. %358 EZAH SiC IR R SiC 5T 5
A B . XM EHR R E MO F AR T, (R4 )51 SiC Refig <%
B EIF TR0, FFAE000 1) _ESEHUTAR AN kA K. X = TR TR AR, I o
P R G825 B 25 2% 1) RF JE 026 P 41t

SN = SR AT AE I T2 Y o B 45 =i o0 fi# SiC YRS Y Sis SiCas SiC A SiC:

28iC(s) = C(s)+ Si,C(g) (1-1)
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B 1.7PVT 4K SiC A K RETER

Figure 1.7 Schematic diagram of growth principle of SiC crystal grown by PVT method

RV IR SA R — DN EREMASAE, SYC T HORT 1. fEAMARIE R+ Si.C
A Si 2 RN JFUR R C B A SR T K C Jes AT IOBL. SinC A RF ) C e
SR SIC GBI AR IR R, A SR ) C BN 2B T, SN RE AN T

C(s)+2Si(g) > SiC(g) (1-2)

SRR AT RAL, AR EEBAR, MBS ER VTR R SIC d i, DT
RES R AT S :

Si(g)+ SiC,(g) — 28iC(s) (1-3)

PVT J5id e A K R m] i Imm/hl'e), HBEE SR IR KRS SR AE KTt 2
VEL D30 55 P (1 ARG 7 22 A1 FF o (R IR P ot B R B S 207180, O L LA
FEAF A KAELE B 4% LSRN C/Si L] i R 45 SR B2 R S K, T $8(0001)Si 173 /2(0001)
C THI U2 3= EERg R 3 190,
1.5.2 SMEEL

N T HilidE SiC 2 PRBE, FEATERARE EAMEAL K SIC B BANA ), R B
SiC @R AE K — E B3 SiC M. S TAERD A =R AT, X2 SiC EREHR
A REFF B, WHRERIALS . rTEE I H TR X, X L7 Kif S e
A K AR AT LAAS SR AT SEB, %28 75 3 AT DATE TP HUASE b FH 78 A SR B R A B ] R A
AR SIC MR AMEAKE SMER) HIEE SRR HlB 4. AR
SEFIARL R, I HIRAF AP R) A 5 R B b (1) Bd 3 i/ PVT A K SiC divge

9
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Larkin 5ROV 72 B0, 3 3 42 ) S S 4L 1 C/Si BE AT PAFE Il AMREZE K SiC A )
n-BUR1 p-BUB AR, X — R IR AR AN B A E . AR, BRYS C 5
Si S& 42 G BIAH B A AL B . RSB R, N T2 548 C I ALE, Rk
C/Si MERE N 25HELZH C JEFd it E, MMFET SME R+ NIRRT
BRAG. [FIFE, %R PR DARE p BB 2% AL R 1A C/Si LLZ AN OC &, Xt R vk B
iR RSB SIC )=, WA /M AR K HARIR FE B 241 SiC 2.

HMNEJZ A AT DL RS a5 R e A, Tk 2 — L R A A K R A [ A S AR K
T RN SiC KM R, Mg & B RASE R AAE, 151
2 Si AR E— MR A 3C-SiC, R EARE A R TR 1 IR AR SiC R G 2P
THERFARY 1% T 20l F= A JEH 0 SiC L2 2, X AR AT LASE ik SiC A Si 2 [ dl b
REC (£920%) o SRT, BIRH2 ) A1 S 5 A P 5 Ji AR ok 47 S A= e bl 2 2l B e 174466 FH
221, DML T R SiC R FBRAMEAE K
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Figure 2.2 Dispersion relation of electrons in one-dimensional period
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Figure 2.4 Energy band characteristics of metals, insulators and semiconductors
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Figure 2.5 The photograph of the equipment for annealing
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Figure 3.2 Optical image of 4H-SiC at liquid nitrogen temperature
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Figure 3.3 A typical PL spectrum obtained at 120K and 5% laser power
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Figure 3.4 Effect of laser power onRaman intensity
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Figure 4.4 Typical PL spectra obtained at different laser power
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Figure 4.5 Effects of laser power on the intensity ofV1’, V1, and V2 lines
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