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Preface

h?Bb i?2bBbr b T 2T "2/ ii?22.2T "iK2Mi Q7 S?QiQMB+b 1M;BM?Z
p2'bBiv Q7 .2BK2KIBQIQMBFV BM T iB H 7mH}HHK2Mi Q7 i?2"°
i?72/2:°22 Q7 .Q+iQ Q7 S?BHQbQT?vX h?2rQ F T 2b2Mi2/ ?22°2
T2 'BQ/ 1P QR Ti2K#2 - k8. PO 2K#2 - kyR3- i .hl 6QiQMBFX i?
KQMi? 2ti2 M H "2b2 “+? bi vr bbT2Mi iJ i2°B Hb .2T "iK2Mi e-
"B Hb M/ 1M2 ;v h2+?MQHQ:v- 6°B2/°'B+?@ H2t M/2  IMBp2 bBi
:2°K MvX h?2 T°QD2+ir b}M M+2/ #v AMMQp iBQM 6mM/ .2MK
M2r ivT2 Q7 r?Bi2 HB;2i@2KBiiBM; /BQ/2 mbBM; ~mQ 2b+2Mi bk
T°QD2+i U;” Mi MQX 9Rye@yyyR3"V- M/ bmT2 pBb2/ #v bbQ+X
.h1 6QiQMBFX
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Abstract

6HMQ 2b+2Mi bBHB+QM + "#B/2 U7@aB*V Bb M 2K2 ;BM; HmK
/IBbTH vBM; # Q /# M/ M/ bi QM; Q" M;2@Vv2HHQrBb? HB;?i i? M
?B;? /2MbBiv Q7 /QMQ @ ++2TiQ @T B'bU. SbVBMi ' Q/m+2/ #v
ULV M/ #Q QM U"VX h?Bb i?2bBb /2b+ ' B#2b i?2 HmMKBM2b+2Mi
"B H#v #Qi? 1?2Q 2iB+ H M/ 2tT2'BK2Mi H TT Q +?2bX h?2 +C
/B iBp2fMQM@ " /B iBp2 +2Mi2 b rBi?BM i?2 # M/ ; T Q7 7T@aB
+ vbi H;"Qri? M/i?2 T "iB+mH "HmMKBM2b+2Mi #2? pBQ b ? p2

.S '2+QK#BM iBQM Bb i?2 K DQ "  +QMi'B#miQ Q7 i?2 T?QiQH
aB*r?2°2i?2 MQM@2[mBHB# BmK 2H2+i " QMbf?QH2b QM i?2 L@
"@BM/m+2/ ++2TiQ H2p2Hb- "2bT2+iBp2Hv-+ M ? p2 " /B iBp2
bBb-b2p2° HMQM@ " /B iBp2 "2+QK#BM iBQM "2;BK2b +Q "2bT(
M/ i?2 BMi"BMbB+ /272+ib "2 "2p2 H2/iQ +QKT2i2 rBi? i?2 . S
aB*X 6Q° BMbi M+2- #v +QK#BMBM; i?2 "2bmHib Q7 i?2i?2 K HH
UhaGV K2 bm 2K2Mib QM 7@aB* rBi? i?2 "2H i2/ haG bBKmH iBQ
T 'iQ7 MQM@2[mBHB# BmK 2H2+i"QMb "2 i° TT2/ QM i?2/QMQ
bBi2b r?2°2 i?2b2 2H2+i QMb "2 MQi 2M QHH2/ BW2X&WX QMi |
PM i?2 Qi?2° ?2 M/- #v K2 bm 'BM; i?2 i2KT2" im " 2@/2T2M/2Mi S
QM 7@aB*- i?2 2tBbi2M+2 Q7 M2r "@BM/mB2@/MR22MiZ2" V+@Q27T2Q"
i? Mi?2 r2HH@@MQMWM2™ UiQ;2i?2 +.HIH2ZM@MBEWBD +QM} K2/X
D @+2Mi2°"Bb7QmM/iQ ++QmMi7Q  i?2/QKBM iBM; "2/b?B7i2/
im 2X J2 Mr?BH2-i?2 ?2m:;2 ; T #2ir22M i?2 HmKNEM2b22MA2 BM
T@ivT2 7@aB* i 2H2p i2/i2KT2  im 2b Bb 2tTH BM2/ #v irQ@b
T Q+2/m 2r?B+? BMpQH.p@b2Mi2Qm#H2M ?QH2 i° TrBi? Bib 2M:
bi vBM; #2ir22M i?Qb2 Q7 i?27Q K2 irQ +2Mi2°'bX JQ 2Qp2 - QN
7°QKi?2 iBK2@ 2bQHp2/ SG M/ bi iB+ SG K2 bm ' 2K2Mib i "QQ
i?72 "2bmHib "2 2tTH BM2/ mbBRMMi2M22HBiRZ2@ B2  /vM KB+Db K
iQ;2i?72 rBi? bi2 /v@bi i2 .S 2+QK#BM iBQM KQ/2H- Bi Bb #2
MQM@ " /B iBp2 "2+QK#BM iBQM +? MM2Hb BMpQHP2MiBilR? i?2 L
+HQb2 iQ i?72 +QM/m+iBQM # M/ KBMBKmK + Tim 2 i?2 K DQ Biv
+ ""B2 b-r?B+? + mb2b i?2 HQr BMi2™M H [m MimK 2{+B2M+v C
MiB+BT i2/iQ "2TH +2 v2HHQr T?QbT?Q" 7Q°  MQp2H r?Bi2 HB
i?72 QTiBKBx2/ i?B+FM2bb M/ QTiB+ HBM+B/2Mi TQr2" "2; /BN
BMp2biB; i2/ #v K2 bm 'BM; Bib SG [m MimK vB2H/ #v mbBM; M B
7TQMM/i? i 2t+2bbBp2 BM+B/2Mi TQr2° K BMHv +QMi ' B#mi2b iQ i
"2+QK#BMBIBZMW;-2T "2+QK#BM iBQMX

h?2 "2b2 "+?2 QmiTmib "2TQ i2/ BM i?Bb i?2bBb ? p2 "2p2 H2/




Vi Abstract

i72 TQbbB#BHBiv 7Q " i?2 BKT Qp2K2Mi Q7 i?2 HMKBM2b+2M+2 2{
+ vbi H: Qri? +QM/BiBQMb BM+HmM/BM:; /QT Mib+QM+2Mi iBQMb
Q72TBH v2 + M#2 7m i?2  QTiBKBXx2/BM Q /2 iQ "2/m+2i?2/2Mb
M/ 2M? M+2 . S "2+QK#BM iBQM BM 7@aB*X



Resumé

6HMQ 2b+2°2M/2 bBHB+BmK+ "#B/ U7@aB*V 2" 2i K i2°'B H2- /:
# 2/# M/ Q; BMi2Mbi Q° M;2@;mHHB;i Hvb T; X /2M 2Fbi° Q /BM:!
IQMQ" ++2TiQ @T *-/2 BMi"Q/m+2°2b p2/ /QTBM; K2/ MBi Q:21
7? M/IHBM; #2bF'Bp2 #°/2 i2Q 2iBbF Q; 2FbT2 BK2Mi2Hi /2 Hr
7 7T@aB*X a KK2M?aM;2M K2HH2K /2 * /B iBp2 f BFF2@ " /B iBg
F'vbi HpeFbi #2bF " Bp2bX

.QMQ" ++2TiQ" "2FQK#BM iBQM 2 /2M bia'bi2 #B/" :bv/2  iE
USGVB7@aB*-?pQ " BFF2@HB;2pe;ib2H2Fi QM2 f?mHH2 T " ?2
MBp2 m2° Q; "@BM/m+2°2/2 ++2TiQ @MBp2 m2> ? > " /B iBp
7? M/IHBM; #2bF ' Bp2b ~2°2 BFF2@" /B iBp2 "2FQK#BM iBQMb
FiBp2 /QMQ 2" Q: /2 2:2MiHB;2 /272Fi2° /2> F M FQMFm 22
"2FQK#BM iBQM2M B 7@aB*X 02/ iFQK#BM2 2 "2bmHi i2"M2 7/
M2b+2MbK " HBM;2  UhaGV T  7@aB* K2/ /2 "2H i2°2/2 haG@bBKr
i2M/2H 7BFF2@HB;2pe;ib2H2Fi' QM2 2" BM/7 M;2iB/QMQ 2"
QK /2 - ?2pQ " 2H2Fi"QM2' BFF2 2° BMpQHp2'2i B /2M bTQMi M
/2 iI2KT2 im®> 7?aM;B;2 SG@BMi2MbBi2ibbT2Fi 2 T" 7@aB*- F |
++2TiQ @DBE22IMU2 "V #2B " @H2MX2°2i 2° 7mM/2i i pe 2 Mbp
/I12M /QKBM2'2M/2 “a/HB;2 SG 7 7@aB* p2/ H pi2KT2  im X 1M/
7Q°bF2HH2 K2HH2K HmMKBM2b+2MbBMi2MbBi2i2°" M2 7 M@ivT2
i2KT2 im 2 - p2/ 2M iQ@i BMb i2°’KBbF FiBp2'BM;bT ' Q+2/m 2
. @+2Mi T2 Q;2M ?mH iBHbi M/ K2/ /2ib2M2 ;BMBp2 m K2ZHH2K /2
S # ;; mM/ 7 2bmHi i2°M27° /2iB/bQTHabi2SG Q; bi iBbF2SG
T2 im - ?pQ° "2bmHi i2°M2 7TQ 'FH “2b p2/ M@z2RAWIRDL@ ~ZH2 M2 \N2.
H /MBM:b#a 2 KQ/2H b KK2M K2/ 2M bi iBQMa  /QMQ" ++2TiQ ¢
#2bF Bp2b /2ic i /2 ?2m’iB;2 BFF2@ /B iBp2 "2FQK#BM iBQMbF
B#Q2M/2 M2;@BR@gR#Mi 2 ioci T" H2/MBM;b# M/2ib KBMBKmK BM/7 I
BFF2@HB;2po;i H /MBM;b#a 2 " M2- ?pBHF2i 7TQ'FH 2" /2M H p?2
77@aB*X . 7T@aB* TQi2MiB2Hi F M 2 bi ii2 ;mH 7Qb7Q" B 7" 2K
UG1l.V-mM/2 ba;2b/2M QTiBK H2 ivFF2Hb2 Q; /2M QTiBK H2 QT|
K'H2SG@Fp Mi2m/#vii2iB2MBMi2;"2 ' 2iFm;H2X .2iFQMbi i2 2]
#B/"° ;2 iBH mHi° ?m’iB;2 BFF2@ /B iBp2 "2FQK#BM iBQM- /pb

27Q bFMBM;b 2bmHi i2°-/2 2  #2bF 2p2iB/2MM2 7? M/HBI
IM/2b 7Q #2/"BM;bKmHB;?2/2> 7Q° HmMKBM2b+2Mb2z2FiBpBi2i
BM;bFQM+2Mi® iBQM2 b KiivFF2Hb2bp "B iBQM 7 /2i2TBi FbB
QTiBK2'2b 7Q" i "2/m+2 2 imi?2/2°"M2 7 BMi BMbBbF2 /272Fi2"
+2TiQ  "2FQK#BM iBQM B 7@aB*X
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CHAPTER ]
Infroduction

1.1  Background

g?Bi2 HB;?i@2KBiiBM ;bAB-QRIl?P 4QMbi MiHv BKT Qp2/ "Q#mbiM2
M2b+2M+2 2{+ +v- ? p2 #22M 2ti2MbBp2Hv BKTH2K2Mi2/ BM HK
br2HH b HH bT2+ib Q7 T2 'bQM HHBp2bX *QKT "2/iQ i /BiB¢
RXsBM+ M/2b+2Mi HB;?i #nbh#byY2r®Ba2  H /p Mi ;2b- 7Q° BMb
i?72v "2 KQ'2 2M2 ;v 2{+B2Mi- 2MpB " QMK2Mi HHv 7' B2M/Hv UN
/Qmb 2H2K2Mib BM+HmM/2/V- br2HH b /Q MQi "2[mB 2r "K@m
Bb /BH2KK "2; "/BM; i?2 /2I6B;MXQW?I2?BB2QH Q" "2M/2"BM; BM/?
U A+ M #2 +?B2p2/ #MMbBM;i~ pBIQNGI1.iQ TmKT i?2 i?°22@
+QHQ T?QbT?Q b U 2/- ;"BXMXo MB/I#MM2VT?QbT?Q b bQHMIBQ
?2Qr2p2°-i?2 2{+B2M+v Q7 i?2 "2/ T?QbT?Q Bb [mBi2 HQr2 ' +QK
T?QbTHXHEAM i?2 Qi?2°? M/-i?2 KQbi TG2Zp BHBMBIPBi2QmH/ Q|
BM/m+2 HO2h?Bb bQHmMIiBQM +QK#BM2b GMBi? BT2«a# B2 BiFPm 2 |
V2HHQr T?QbT BX2HHER2 -Y vV2HHQr T?QbT?Q bQHmMIBQM- r?2"2
KQbi +QKKQMHV mb2/ v2HHQr T?QbT?Q b Bb K /2 Q7 +2 ' BmK@ |
7 TM2BX2XKu (V,RX AM 7 +i- i?2AHQM2HH b HQr HmMKBM2b+2M+2
+Q "2bTQM/BM; iGi?2Y #BMBAQr T?QbT?Q° bQHmMIBQM Bb /m2 iQ
iBQM Bbbm2 Q7 i?2 v2HBQr"2p@bAR-Qi(2 "2b2 "+? M/ /2p2HQTK:
"2 [mBi2 RB)BM Q' /2 iQ +?B2p2 mMB7Q K +Q iBM; Q7 v2HHQ
G1.+?BT- H2i HQM2 i?2 Bbbm2b "2; "/BM; i?2 +DQBi WIMmMTTHV
2H2K2Mib BM vV2HHQ2XEXQBBMBE BM Uu :V,*2X >2M+2 # 2 Fi? (
; /IBM; 7TmTi?2° BKT Qp2K2Mi Q7 i?2 2{+B2M+v M/ "Q#mbiM2bb
2tT2+i2/ B7 QM2 biBHH rQmH/ HBF2 iQ /?2 2 iG2/¥p2HYPTK2Mi C
T?QbT?Q  bQHMIBQMX 6Q imM i2Hv- M2rivT2 Q7 BMQ ; MB+
E KBv K2i KXBX2%2 /QMQ" M/ ++2TiQ-mQ@bQZ®fi bBHB+QM +
U@a&yB*+QMi BMIb2MQK2Mib M/ ? b MQ /2;° / iBQM Bbbm2b K FB
[mMmBi2 T"TQKBbBM; 7Q° "2TH +BM; Uu :81*BXBMv7,RIiBN;r?Bi2BHvV
MBi'Q:2M@#@V 3R @/ QTR#8BM #2 TTHB2/ b T bbBp2r p2H2M;
p2'bBQM K2/BmK-r?2"'2bi'QM; Q° M;2@Vv2HHQrBbhPHHBrRiIi2KBb
i ? H7 K tBHKeOgJV + M #2 ;2M2° i2/ #v QTiB+7iHBB & TBM;
HB;?i bQBX4+2 NIBi B/2@¥ bR1.+?BTVX Ai Bb HbQ rQ i?viQ MQil
aB* Bb “2; “/2/ b #2ii2° TH i7Q'K 7Q" i?2 BMi2L1éBQM Q7 MBi"
+?BT +QKT "2/ iQ i?2 T '2p H2Mi b TT?B 2 bm#bi” i2X A® //BiB
aBr*?B+?1B®d HQ@/QT2/ Bb MiB+BT i2/iQ 2KBi #Hm2@®B2PMBb?
bQm ™ +2 TmRKXBMi;¢ b i?2M T QTQb2/ #2iE @BV K M2r ivT2



2 1 Infroduction

Q7 r?B32.rBi? ?B%?Ar?Bi2 HB;?i 2KBbbBQM + M #2 +?B2p2/ #v ; C
bi +FBM; bi'm+im 2 r?B+? +QMi RBMbGMBPBTR@ #bb2HH b

L@ HOQ@/QM@2AB V2 bX LQi2 i?LIChBIRQ&/QT2/ aB* /Q28B06i b?Qr
"QQKIi2KT2® iwW2BM i?2 iBK2 7° K2 Q77i@EBAMQHDRRw i 272" b iQ
+Q@/QT2/ aB*X aBM+2 aB* Bb M BM/B ' 2+i # M/ ; T K i2'B H-i?2
/IQMQ @ ++2TUFE @ T2BQK#BM iBQM Bb 2tT2+i2/iQ #2 [mBi2 HQrX }
? p2 #22M T°QTQb2/iQ 2M? M+2 i?2 BMIi2MbBHBRIbLIBQ M?2p2Mib BN
7T@aBXxX2BM+"2 b2 i?2 /2NMbBMY @2 b KTH2 i?B+FM2bbX Gm+FBHV- i~
K2MiBQM2/ irQ K2i?Q/b ? p2 #22M bm++2bb7mHHV BKTH2K2Mi2/
Q7 @aBP*MFb iQ i?2 /p2Mi QM#HBK iBQM ; Qfi®: SV 22DQ/
/2p2HQT2/ #v avlp OMpB?B+? K F2b i?274@aBPi@+Q@/QTBM;
#2vQM¥E +K3X AM //BiBQMa:8Ki2i?Q/- Bi Bb HbQ 2 bviQ +?B2p2t
+B2Mi 2TBH v2  i?B+FM2bb bBM&2: 522 M @2itm T i DR V! (d) X

6m i?2°KQ 2-i?2/2MbB i B262QF 4+ ?Q RRO BUK-2B{@+RBM; 7 mHiV M/j@
(3) BXZRHViIVT2 brBi+?- + "#QM BM+HmMbBQM M /7IEBEFEHRQM /" QTH:
#22M /° biB+ HHv /2+ 2 b2/iQ i?2 N &)W B;BH-REH2PR HiR(Q /

7Q° i?2 ;"Qrir@@BFBH v2 'bX J2 Mr?BH2- i?2 bQm'82:8BbK i2°'B H
T'2T "2/ pB i?2 KQ/B}2/ T?vbB+ H p@®MNM I2MBWMB[M2 /2p2HQT2/
#v q2HHK2MMBXRYRR- r?2°2 i?2 bi #H2 MBi"Q;2M /QTBM; M/ HQr /B
/2MbBiB2b BM i?2 bQm +2 aB*K i2°'B H? p2 #22M 2 HBx2/X

1.2  Motivation

Hi7Qm;? i?72 HmMKBM2b+2NM@2BM#2 MBI V2QHYV 2M? M+2/ #v i?2 KB+
M/MMQ@T QRkRPbBMZKH b Km+? 2zQ i ? b-8FR2MKiQx("/

i?72 "2 HBx iB@&B®2Z/ r?Bi2.-i?2 QQK 7Q BKT Qp2K2Mi 2; "IBM; i
HmKBM2b+2M+2 2@aBtv HB'IKBii2/ #v Bib BMi2°™M H [mMA2MdmK 2{+B2N\
r?B+? Bb /QKBM i2/ #v i?2 25+B2MIKH#BM iBQMBB@Ir2p2 - i?2

+ T +BiB2b #Qmi?Qri?2L@BM/m+2//QMQ°'b M/"@BM/m+2/ ++2T
BMi?2 " /B iBp2 "2+QK#BM iBQM b2T "~ i2Hv "2 biBHH MQi +H2 " v
BM bTBi2i? ii?2 + vbi HOaBWBA2W H “;2Hv BKT Qp2/ #v TTHvVBWN
bm#HBK iBQM ;" Qri? K2i?Q@abSB M@ miBMBb biBHH BM2pBi #H2 iQ
i?22 y@. /2R 2O BMi /272+ibV /Im"BM; i?2 bm#HBK iBQM ;" Qri? Q7
mM/2 ?B;? +Q@/QTBMRe¢R)IM/BINM@QBA2 TQBMi /272+ib BM+HmM/2 p -
+B2b- BMi2 ' biBiB Hb- M/ MiBbB+#2b# QM iJKQ-rBBB?*Q@KRmMH/ BM/m
/22T H2R2HBI(?BM i?2 # M/ ; T Q7 aB*X h?2b2 /22T H2p2Hb "2 i?2
70 MQM@ " /B iBp2 "2+QK#BM iBQM S?BRRKBRQKZIRI2IBrEER2 2@
+QK#BM iBQM +7 @ AN bABMT7 +i- i?72°2 biBHH H +Fb Q7 i?2 i?72Q" ¢
#QmMi ?Qri?2+ ""B2'bi°” TTBM; T°Q+2bb2b +Q "2bTQM/BM; iQi?2
MQM®@" /B iBp2 +2Mi2 b rQ8H2+1P#BM iBQ MBBAM //BiBQM- 7Q"
i?72/2pB+2 7 # B+ iBQMQ#iB2/REI2B72 BMp2biB; iBQM #Qmi Q7 ?
i?72 TMKTBM; TQIr® 'GQ7 M/ i?2 i?B+FMZbdBOFH v2 ' rQmH/ BM~m2M+
i72 HmMKBM2b+2M+2@4Bo#W2Q72/X h?2°27Q°2-Qm” ;2M2° HKQiBp i
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"2b2 "+? BbiQ bim/vi?2 TQi2MiB H iQ BKT@Q@B22? 2 Q W2 B +B/M
i?72 /272+ib BM i?2 K i2°B H- M/ i?2 HmMKBMQmb 2{+ +v 7i2" +C
i?B+FM2bb M/ TmKTBM; TQr2 X

1.3 Scope of this work

h?Bb i?2bBb BMp2biB; i2b i?2 HmKBMW2ZbhaRW 2 X2 +BP TN BitbkK Ch7? 2
}’bi QM2 Bb iQ bim/v ?2Qr i?2 MBi'Q;2M@BM/m+2/ /IQMQ b M/ #¢
rQmH/ b2T ~ i2Hv z3+id2DK#BM iBQM T Q+2bbX h?2 M2ti QM2
bi> i2i?22 BM~m2M+2 7°QK i?2 BMi'BMbB+ TQBMi /272+ib “2H i2
i?72 2{+B2M+8 QZ+QK#BM iBQMX h?2 H bi QM2 Bb iQ /2i2 ' KBM2
2{+B2M+NV@EBM +Q "2H iBQM rBi? i?2 BM+B/2Mi TQm@ XBFi?22 i?1

*?2 Ti2k# B2~vBMi"Q/m+2bi?27mM/ K2Mi Hb Q7 aB*K i2°B H I
bi'm+im 2b-2H2+i"B+ H M/ QTiB+ HT QT2'iB2b-r?2'2i?2b2 # L
7Q°i?2 M HvbBb Q7 i?2 2tT2 ' BK2Mi H+? * +i2 Bx iBQM “2bmHi
bBKmH iBQABBE®OM //BiBQM-i?2# bB+ T?vhB+ H/T@ bEKRTHDQ7 HI
2KTHQV2/ BM i?Bb “2b2 “+? "2 bmKK ‘Bx2/X

*2 Ti2) BMi'Q/m+2b i?2 2tT2 ' BK2Mi Hi2+?MB[m2b M/ b2imThb

C h?2i?2°K HHv biBKmH i2/ ha®BM2bm22k2M] bvbi2K 7Q° i?2
b2 "+7? BMIXR+ X

Ch?2i2KT2 im2@/2T2M/2Mi T? Q3 QVHKZK Bl 2202 +2v bi 2K 7 Q
i?72 "2b2 "+? BMXa2+X

C h?22tT2 'BK2Mi H7 +BHBIiB2b "2H i2/iQ iBK2@hW28®Hp2/ T?
# b2/ QM i?2 iBK2@+Q "2H i2/ bBM;H2F¥QQNmHB QMiBQ; i?
“2b2 "+? BM *BXTi2"

Ch?2/2bB;M M/ K2i?Q/QHQ:vQ7i?2BMi2; iBM:bT?2 2# b2/
[m MimK vVEBBZH@ YU 2i2 KBM iBQM bvbi2K 7Q  i?2 "2& “+? BM

*2 Ti29 "2 /BpB/2/BMiQirQ T “ibX h?29ARBMpRUBR+XRb i?2 MQ|
“ /B iBp2 #2? pBQ  +Q "2bTQM/BM: iQ i?2 MBi'Q;2M@BM/m+2/
bBi2 QEY*BKTH2K2MiBM1aGKHQ bbHB#Q M Hvx2i?2 2H i2/2tT2 B
“2bmHibX AM //BiBQM- i?2 6}M;2° T'BMibd Q7 i?2 BKTm BiB2
b?QrM BMa®B2 bm 2K2Mi "2bmHib 2 HbQ /Bb+mbb2/X

h?2 b2+QM/ T "DMAR7X*? T922KQMbi  i2b i?2 2tBhi2M+2 Q7
#Q QM@BM/m+2/ /22T 2 D+@2DRiNDi2 H\2 pR BH2U2 M @7+ D\Ki 2720848 *
h?D @+2Mi2  Bb +Q "2H i2/iQ $? 22-QKBMMIiiBQM i HQr i2KT2"
C M;2bBMaBi? SGT2 F "QmM/ RXNy 20X ?2QH2@i TrBi? M 2M2
HB2b #2ir2RM@22Mi2. @W2Mi2  Bb T 2/B+i2/ iQ 2tBbiX irQ@bi
BQMBx iBQM BMpQHpPBM:; i?2 ?2QH2@i T Bb T'QTQbD/ @ 2tTH
+2Mi2° N@+2Mi2° "2H i2/ i2KT2 im 8@ 22TOXWEWiiBQM X

*2 Ti28[m MiBi iBp2Hv /2KQMbi' i2b ?2Qri?2 /QKBM iBM; MQM
e>7@aBX%2ARR,=E, +2Mi2 r?B+? TQbb2bBl MI2iBR2@ +QmH/ z2+i |
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MQM@" /B iBp2 "2+QK#BM @B T2 BM2BIMEI 7 22D K#BM iBQM
T Q+2bbX h?2° TB/ HMKBM2@+EM2CTAR2 BMBMiv TTHVEM; M2; iBg
+2Mi2°b "2H i2/ + B2  /VM KB+b KQ/28X 2+ E#B@®LEBE@M KQ/2H
Bb HbQ BKTH2K2Mi2/ iQ (292 2H?IQf T?RD+2bb +QmH/ #2 z2+i2/ #v
T 2b2M+2 Q7 M22MAR2IEX JQ 2Qp2 -i?2 + B2  /vM KB@b Q7 +QK
+Q@/QMRiIVT2 e> aB* bm#bi’ i2 Bb HbQ bim/B2/ BM7T@4B*iQ +QK
r?2°2 M //BiBQM H i TTBM; +2Mi2" EFEEQMKI-Qb?BMi??M#mHF
K i2 B HX

*2 Ti26BHHmMbi  i2bi?2 2tT2 " BK2Mi H/2bB:M M/ 2H i2/ MmK2 B
i?2/2i2°KBM iBBNEQ7 B aBKTH2bX h?2 BM~m2M+2 Q7 2TBH v2 |
M/ BM+B/2Mi TQr3G@NQI?® aB2 /Bb+mbb2/X



CHAPTER 2

General properties of SiC and
growth of 6H f-SiC

aBHB+QM + "#B/2 UaB*V Bb rB/2@# M/; T b2KB+QM/m+iQ" K i
Bb +QKTQb2/ Q7 bBHB+QM@ M/@+ "#QM #BH v2 'bX Ai Bb 2bb
Q7 Bib +'vbi Hbi'm+im 2 b r2HH b 7mMTViE2Mi H QA2 +iBBb-H B
i?72v "2i?22 +Q " M2 biQM2 7Q  i?2 7m’i?2° "2b2 +? # b2/ QM aB-
# bB+ FMQrH2/;2 "2H i2/iQ i?2 + vbi Hbi'm+im 2- 2H2+i'B+ H

aB* "2 bmKK "Bx2/X h?2 ;°Qri? i2+?MB[m2b +Q "2bTQM/BM; iQ
+ "#B/2@&B*2 HbQ "2pB2r2/X 6BM HHv- i?2 # bB+ T?vbB+ H T
7T@aBKTH2b BM+Hm/2/ BM i?Bb "2b2 "+? "2 HBbi2/X

2.1 Crystal structure

aB* Bb #BM 'v@+Qp H2ZMi@+QKTQmM/ b2KB+QM/m+iQ - r?2"2
8yW aB@ iQK M/ 8yW *@ iQK BIWOXVRIH@r XK?2[XQ@mMM/ bi i2 2H2+i"
bi'm+im 2b Q7 M2mi° HaB@ M/ *@ iQKX

aBlde : 1B2B2F3B3F

UKkXRYV
* 6e : 1B2B2F

g?2°2aB*Bb 7Q K2/ pB aB M/ * #2BM; #QM/2/i2i° ?2/° HHv r
#QM/b #v b? "BM; i?2 7Qm’  p H2Ms@@ @QRC#IBORQ EBI BIBX AM Tm"
2 +? aB@ iQK #QM/b rBi? 7Qm™ M2B;?#Q ' BM; *@ iQK- M/ pB+z
b QM2 Q7 i?2 ivTB+ H K i2'B Hb r?B+? + M 7Q°K p "BQmb + vk
+? M;BM; i?2 bi +FBMBE2[R2M*+M{BM; BM QM2 /BK2MbBQMV rB
BM; i?72 +?2KB+ H +QKTQbBIiBQMX hTBBH +i%{BHRX BIQ + aBH2/
/Bz2 ZIQIHViIiVvT2BQ K2/ #v p BQmb bBi2 Q2+t mQMBOQMHEMI 2 @ T +F
U>*SV H iiB+2 bvbi2Kr@gH BWXih22 bBi2 Q++mT iBQM BM i?2 >*S
#2 Tmi?2° 2tTH BM2/ b+?2KkiBRR HRAVi B2Mb6 B-BBM; b2[m2M+2 HQ
(YYYR) /B 2+@B(BMWBb b?QrMX

>2°2-2 +?2 *@ iQK #QM/b i2i° ?2/° HHv iQ aB@ iQKb r?2°2 i?
iQKb HB2 QM i?2 b K2 UyyyRV TH M2 M/ 7Q K i?2 #BH v2 rBi?
#QM/ HBMFb i?2*@ iQKrBi?i?27Qm’i? aB@ H@KtBbBMZI 2 rl2H 2
H #2H i?2 HQ+ iBQM Q7 i?2*@ iQKBM i?2 #BH v2 +QM};m’” iBQ
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6B:m 2 kXBz2 2Mi bBi2b Q++mT iBQM b+2M "BQb 7Q  i?2 *@ iQK F
+QM}:m" iBQM Q7 i?2 >*S bvbi2K BM i?2 (yyyR) TH M2X

bi'm+im 2 b6 6X h?2M i?2°2 "2irQ ivT2b Q7 H iiB+2 bBi2 7Q  i?2
#BH v2  iQr /b (yyyR) /IB'2+iBQM H #2HH2/ #v 6"6 M/ 6*6X b i?2
Q7 i?2 aB@* #QM/ + M 2Mbm™ 2 i?2 bi #H2 bi +FBM; bi'm+im 2 #2ir
+QM}:m’ iBQMb-Bi Bb TQbbB#H2 iQ 7Q 'K /Bz2 2Mi KmHIB@H v2'2
K F2b aB* +'vbi HHBx2 BM KQ 2 i? M kyy TQHvivT2bX 1p2M i?Qm;
TQHvivT2b Q7 aB*- QMHvV 72r Q7 i?2K "2 "'2T°Q/m+B#H2 M/ p BH ¢
T°Q+2bbBM; M/ /2pB+2 7 # B+ iBQMX i T'2b2Mi- i?72 KQbi +QKK!
7Q° 2H2+i"B+ H- QTiB+ H M/ [m MimK "2b2 "+?2b "2 j*@aB* U+m
U?2t ;QM HV-r?2'2e>@aB* M/ j*@Qa@%aB2 Ma@#* HHZT2+iBp2HvX
6B;RXE?Qrbi?2 mMBi +2HHb M/ T 'BM+BT BX{Xb@aBUcV MmMBBY aB*-
?2t ;OM H2aBM>@ M/ e>@aB*X

6Q  +m#B+ aB*-i?2i? 22 7mMd; 2 MM & p2+BQ2BiB+ HBM H2M;i?)
LQi2i? ii?2bi'm+im 2Q7 j*@aB* BxBMBIKFRMMmMD 2X2LQ K HHvVv
7Qm°> T°'BM+BT H t2b 2 TTHBZ2/BNEAX2a2a3-Q Wd&X alBFi2 i? i
r?2M B/2MiB7vBM; TH M2 Q° /B 2+iBQM 7Q" ?2t ;QM H aB*- QI
T BM+BT H t2b "2 M22/2/X h?Bb Bb #2+ mb2 i?2 bmK Q7 i?2 "2+B7
i?721?2°22 t2b QM i?2 Uy ¥&Xad HMKL2-Bb x2 Q-a?8 Mhbs 2
/IBpB/2/ #v Ry 2 +? Qi?2 X h?27Qm’ i? TTBM+BT HBXRDRQ7 7?72t ;QM
c@ tBb-Bb T2 ' T2M/B+mH " iQ i?2 UyyyRV TH M2X h?2 b+?2K iB+ /
i?72 HiiB+2 T2 'BQ/B+BiB2b Q7 j*@- 9>@ Mk&$¥@aB* 2 b?QrM BM

j*@aB*Bb i?2 QMHV TQHViIiVT2 Q7 aB*r?B+? ? bi?2Tm 2 +m#B+
Q7i2M 272 @aBBX b Bibi2i° ?22/° H#QM/BM; ? biQ #2 K BMi BM2
Q B2Mi iBQMb /2MQi2/ #v -" M/ * "2 HHQr2/ 7Q i?2 bi +FBM; Q
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6B;m 2 kXMBi +2HHb M/ T°'BM+BT H t2b Q7 U V +m#B+ M/ U#

6B;m 2 kXg+?2K iB+ /B ;" Kb Q7 i?2 H iiB+2 T2'BQ/B+BiB2b Q7
U+Ve>@aB*X LQi2i? ii?2b? /Qr "2 b/2bB;M i2i?2/BK2MbBQM
(RRR) U7Q  j*V Q (yyyrR)U7Q 9> M/ e>V- "2bT2+iBp2HvX h?2
‘'Qmi2 7Q aB@* #BH v2  bi +FBM; 7Q° 2 +? TQHvivT2bX
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rBi? i?2 bi +FBM; b2[m2M+2 Q7 6 "* "*XXX06X h?Bb bi +tFBM; b2[m2]
i?72 MQi iBQM Q7 BER+r&2R*2 6j6 /2bB;M i2b Bib MmK#2™ Q7 #BH v?2
H iiB+2T2'BQ/ HQM; i?2 (RRR) /B '2+iBQMX AM //BiBQM-i?2 bBi
BMj*@aB* "2 HH +m#B+ bBi2b r?B+? + M #2 mRhOBIYRI 20KV /2bB; M |

PMi?2 Qi?2 ? M/-i?2 TQHvivT2b Q7 aB* Qi?2  i? Mj*@aB* "2
@aB*X PM2 @ai®2rBi? i?2 bi +FBM; Q7 i?2 aB@* #BH v2  BM i?:
0" "XXX6Bbk>@aB*X bk>@aB*+QMbBbib Q7 QRHMIN tH;BIM H bi’
BX22 TQ iBQM Q7 i?2 ?22t ;QM H #QM/b- Bb RyyWX AM //BiBQ
k>@aB* Bb Q7i2Mrkt "KBidbm+im 2X 6Q  9>@aB*- Bib bi +FBM; b2]
2T 2b2Mi2/ #v 6 "*" "*"XXX6rBi? 7Qm” #BH v2'b BM QM2 H iiB+2 -
/IB2+iBQMX h?2°2 "22[m HMmK#2 Q7 +m#B+ M/ ?2t ;QM H #QM
Bib ?2t ;QM HBivBb 8yWX h?2 2?2t ;QM HbBi2b + Mé&dBIMBXQ KHv
g?2°2 b i?2 bi +FBM; b2[m2M+2 Q7 e>@aB* Bb /2bB;M i2/ #v 6 "*
rBi? bBt #BH v2°'b BM QM2 H iiB+2 T2'BQ/ HQM; (yyyR) /B '2+iBQM
Q7 +m#B+ M/ 2?2t ;:QM H#QM/bBMe>@aB* Bb }t2/ i k,R BM/B+ iBI
"QmM/ jjWX LQi2i? iBMe>@aB*- HHi?26 6 bBi2b 27?2t ;QM H
MQM2[mBp H2Mi [m bB@+m#B+ bBi2b 6"6 M/ 6kK& "M/MKPQ K HHv /2]
bBi2b- "2bT2+iBp2HvX 6Q  9>@ M/ e>@aB*-r2+ Mb22i? ii?2?2t
"2/Bz2°2MiBMi?2HQ+ iBQMb Q7 i?2B  b2+QM/@M2 "2bi M2B;?#Q
+ vbi HIR2HXbAM i?Bbr v-i?222M2° ;v H2p2Hb Q7 i?2/QT Mib- BKTm'
#2+QK2 bBi2@/2T2M/2Mi r?2°2 i?2 "2H i2/ +? ° +i2kBbiJEX+ Bb + HH
aQK2 7mM/ K2Mi H + vbi H T°'QT2'iB2b Q7 j*@- 9>@ M/ e>@aB*
h #XXR

G iiB+2 +QMbi Mi
SQHvViVT2 a: a: MQxX U’V cU'V Eq >2tX
j* h?@69jK kRe 9Xje@ kXje 20 yXyW
9> gp@‘o§K+ R3e jXy3y RyXy3k jXkj2o 8yXyW
e> ’gp@6§K+ R3e iXy3k R8XRyy jXyk 20 jjXjW
h #H2 kXR,wbi HT QT2 iB2b Q7 j*@- 9>@ M/ &2>0@2BB:NMW @3B i? i 6

i?72 ## 2pB iBQM Q7 0bT +2 ;, QagTio-hi?72pBp@ ™Mb QW/ 6>2tX6 272" b
?2t ;QM HBivX

h?2 bT +2 ;"QWTQUZ i?2 +m#B+ aB2 RBbbhi227Q" 2Bi?2° 9>@ Q°
e>@aB*Pb AM ;2M2° H-r2 + M b22 i? i H2bb 22t ;QM HBiv +QmH/
# M/ ; EJMX h BEXEmKK “Bx2b i?2 bi M/ '/ iQK +QQ /BM i2b Q7 j*@ -
e>@aB*X "V BKTH2K2MMI/MH; iPR+2 +QMbi MikXROQKM2#RH i2/
iQK +QQ /BM i2b 7TKREBMi@X 1aBX%2X. pBbm HBx iBQM T°Q;" K 7Q°
+'vbi H bi madmi2b(Q#i BM2/ # HH@biB+F KQ/2Hb 7Q " j*@- 9>@
b?QrM BMKEB ; X

6B;KXBMi'Q/m+2b 7Qm > K DQ" TH M2b BM 2?2t ;(001H aB* bi mH
TH M2 +QMbBbib Q7 i?2 aB@ iQKb r?B+? #QM/ i2i° 22/° HHvV rBi? i
i?72@ tBMOAI /B 2+iBQMV¥000i2 MH2M2 Bb HbQ + HH2/ 6aB@7 +206X
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6B;m 2 kKXQ,# HH@biB+F bi'm+im 2b 7Q U V j*@- U#V 9>@ M/
U7V "2i?2 mMBi +2HHb 7Q " j*@- 9>@ M/ e>@aB*- b2T ~ i2HvX
M/ 9>fe>@aB* "2 T 2b2(MiQ/ BKRITORTH M2- “2bT2+iBp2Hv- r?2":
“2H i2/ TH M2b "2 BM/B+ i2/ BM U;VX



10 2 General properties of SIC and growth of 6H f-SiC

SQHvIivT2 aBi2 1H2K2Mi avKK2i'v S u w 27X

. * * . Rf9 Rf9 Rf9

i aB ap @9jK y y y (kN
aBR Rfj kfj Rf9
aBk aB . y y y ,

9> «r JKX Rt kfj yxo9jd)
*k y y yXR3Ne
aBR y y y
aBk aB Rfj kfj Rfe
aBj . kfj Rfj yXjjkDN©

€> xR JKX Rt ki yXyglﬁl@
* K * kfj Rfj yXky3y
* y y yXjd9e

h #H2 kXkj M/ / iQK +QQ /BM i2b Q7 j*@- 9>@ M/ e>@aB*

+QMi® "v0el2 TH M2 r?B+? Bb HbQ + HH2/6*@7 +26 +QMbBbib Q7
#QM/ i2i° ?2/° HHv rBi? i?2 aB@ iQKb QM i?2 06BW@TH2MR AM //B
Bb HbQ FMQrM b 8J@7 +26X LQ 'K HHv- 4®01) TH M2 2?BB2M QM
#2BM; Qz@ tBb iQu20i X ilP22 TH M2 T2 T 2 KM1Ew+B bk 2 X@120)

TH M2- Bb HbQ FMQrM bi?26 @7 +206X

6B;m 2 kx68m™ K DQ " TH M2b Q7 2?2t ;QM H aB*bi m+im 2



2.2 Electrical and optical properties

2.2 Electrical and optical properties

2.2.1 Carrier density

h?2 # bB+b Q7i?2+ B2 /2MbBiB2b + H+mH iBQMb BM b2KB+Q
i?Bb bm#b2+iBQM "2 K BMHVv [RB 022720 B2W R T bi i2 2[m Hb i
MmK#2" Q7 /IBb+"2i2 bi i2b i +2°i BM 2M2 evVHQp 2N P¥b AH2 +i°
+ M Q++mTv- BX2X-i?22 MmMK#2™ Q7 bi i2b T2 pQHmMK2 T2 2M2°
Q7 bi i2b BM +QM/mMNB QN M2V H2NE WMQW aB* + M #2 + H+mH i2/
I[XKXK- r?2° 20?2 p Mmap MM, Q7 j*@-9>@ M/ e>@aB* "2 bmKK
BM h EX{ LQi2 iM¢;iBb i?2 MmK#2 Q7 i?2 +QM/m+iBQM # M/ KBMB
""BHHQmMBM xQM2 BM aB*X h?2 /2MbBiv@ Q7 @ Bixi#{2-zBbiBp2 K

2T 2b2Mi2/ #vi?2 222+iBp2 K bb Q7 i?2 /2MbBiv Q7 bi i2b BM Q
# M/X

3=2
N = 2M. %
T 52 UkXKkV
_ m , Kp
Ny =2  hz
SQHVIVT @, my, M. 27X
T yXi@ yxey |
9> yxXmN yxX@k j (] je)

e> yXthR y XIHR e

h #H2 kX[,2MbBiv@Q7@bi i2 222+iBp2mk b b MY7? T2V QW U

i?2 MMK#2 Q7 i?2 +QM/m+iB QIMVZQM /| K@ MBK@UM/ e>@aB*X LQi:
mo /2MQi2b i?2 K bb Q7 7°22 2H2+i ' QMX

h?2BMi'BMbB+ + ~"B2 +QM+2Mi i BKkQWM 22712 DbiZM 722/ ZV22[ X U B
@ QR V +QM+2Mi> iBQM Q7 i?2 mM/QT2/ b2KB+QM/m+iQ X

_p (= .
ni = NcN,exp KT UkXjV

h?2 62" KB H2p2H Bb +QMbB/2°2/ bi?22M2 ;v HBp2Bi? i+ M ¢{
i?72 T°Q# #BHBiv Q7 8yW i i?2 ' KQ/vM KB+ 2[mMBHB# BmKX 6Q " i
iQ -i?2 BMi BMbB+ 6 WKB MVW2 2tTU 2bb2k#*e A1XER ME,

"2 i?2 2M2 ;v H2p2H Q7 i?2 +QM/m+iBQM # M/ KBMBKmK M/ p
"2bT2+iBp2HvX

Ect+ Ey
2

Ny

1
E; = + —k,T | kX9V
i 5o n N. U 9
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Ai Bb 2bb2MiB HiQ FMQri? ii?2 T°Q/m+i QyV7 2 21R2+3QpN2 /2 Mt
/2MbB{W2[m HbiQi?2b[m 2Q7i?2BMi'BMbB+ + B2  +QM+2Mi |
Bb + HAM2K bb +iBQWBH 2 Bb 2tT 2bbX/XBX 1[X U

E E
No Po= NcNy exp kaT ¢ =n?

UkX8V

.QT2/ b2KB+QM/m+iQ " +QMiBBAMBRBBRKONM BjM2bQ Kb #2BM; BKTH M
BMiQi?2BMi'BMbB+ + vbi Hbi'm+im 2 BMi2MiBQM HHv Q  mMBMi:
BM/m+2/ #v i?2 BKTm BiB2b MQ 'K HHv bi v BMbB/2 i?2 # M/ ; TX /
Qz iQ i?2 +QM/m+iBQM # M/- i7QM X2bag?RIH2b i?2v "2 + HH2/
++2Ti@?BM ;BpBW'; Qi?2 p H2ZM+2 # M/X h?2 /QMQ " 2M2 ;v H2p2
rBie M/ bivM2mic HT'BQ iQ #2BM; BQMBx2/X h?2 BQMBx iBQNMN
i?72 /QMQ" H2p2H iQe 2BIiQ2?22+QM/m+iBQM # M/ r?2°2i?2 /QMQ"
MQr TQbBiBp2Hv +? *;2/X PM i?2 Qi?2  ? M/-i?2 ++2TiQ 2M2 ;v
h* TTBQ iQ #2BM; BQMBx2/X h?2 BQMBx iBQM Q7 i?2 ++2TiQ + m
"2H2 bAiBMIiQ i?2 p H2ZM+2 # M/X h?2 ++2TiQ H2p2H Bb M2; iBp2
2[mBp H2Mi iQ +2TiBMW iM p H2M+2 # M/- i?2°27Q 2 Bi Bb + HH:
A7 i?2 K DQ'Biv + ""B2'b "2 +QMi'B#mi2/ #v /IQMQ" BKTm BiB2b-
MRivT2eM#2+QK2b i?2 K DQ ' Biv+ ""B2 X Pi?2 rBbZIi@i¥TB2KB+QM
Mh* #2+QK2b i?2 K DQ'Biv + ""B2  B7 ++2TiQ  BKTm 'BiB2b +QN
7°22 + ""B2°bX Ai Bb MQiB+2/i? i i? EfR2 HKBrOM2b;yBE2p2MiU7 " QK
Ei r?2M i?2 b2KB+QM/m+iQ  BBr/@TN/H#2r 22T22bb 2/ KXnel K/ U
I[XKXM7Q° i?72 +MERIQI72 T@/ivT2 b2KB+QM/m+iQ b- "2bT2+iBp2HvX

n n
Er =E;+kTIh -2 =E.+kyTIh 2 UkXeV
n; Nc
_ Po _ Po
EF=E kTih 2 =E, keTIh -2 UkXdV
n; Ny

>2°2r2 bBKTHB7v i?2 +QM/BiBQM r?2°2 QMHv QM2 /QMQ" H2p2}
i F2ZM BMiQ +QMbB/2" iBQM 7Q° /QT2/ b2KB+QM/m+iQ X *QMbB/.
iQi H+? ;2 /2MbBiv- QM2 + M ? p2,

Po+ Ny = ng+ N, UkX3V

q?2 Ry Bb i?2 +QM+2Mi" iBQM Q7 i?2 /Y @BbBRIT thZ Bb/BiwWQ 7
i?72 TQbBiBp2HvV +? “;2/NQBQIM2X+ M +2Mi° iBQM Q7 i?2 ++2TiQ"  E
M/N, Bb i?2 /2MbBiv Q7 i?72 M2; iBp2Hv +? ";2/ ++2TiQ bX 6Q°
b2KB+QM/m+iQ Eg?Bb2#4RIBHBM; b2T ~ i2/ BTi H¥ DIQK 2Bi?2  i?2
+QM/m+iBQM # M/ KBMBKmMK Q i?2p H2M+2 # MEX KB@mMK- M2 + |
/IBbi'B#miBQM 7mM+iBQNMXNZBMNrQBIRNMIXb? QrM #2HQr X
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Ng |
po + L =ng+

- NaE - ! UKXNV

F d a F

- 1+ -
kpT G &XP ko T

1+ gp exp

g?2 By ME;, "2i?222M27;vH2p2H Q7 i?2/QMQ" M/ i?2 ++2TiC
b Mba "2i?2/2;2M2° +v 7 +iQ Q7 i?2/QMQ" M/i?2 +MRTiQ -b
ivVT2 b2KB+QM/ MmN Nr?-2i72 ?2QH2 /NBbHBM2 ;HB;B#H2 M/ i?2 ++2°
"2 +QMbB/2°2/iQ #2 TmHEVEBOQMBX2/ B #2 #Qp2i?22M2° ;v H.
HH i?72 ++2TiQ bX >2M¢2®FVWRpBM;,- L[ XkWN+ M #2 bBKTHB}2/
iQi?27Q K QKXNWR@ivT2 b2KB+QM/m+iQ ™ X

Ny

L = ng+ Nj UkXRyV
Eq

F
1+ 0o exp T

"V 272 °BM; i?2 b2+QM/KXH QM2 H[XMU2r BXR B V@M i
#v +QMbB/2 'BM; i?2 /2 Bp iBANR®RQrM BM 1[X U

" o !
oo EF_Ed _ 1., E¢ Er

Oo exp TkeT S Xp TkeT

! !

:iexp UKkXRRYV

b kpT

!
9o KeT ~ No

g?2°2 i?2 H bi HBMRX@R+HLMK #R 7m i?2° bBKTHB}2/ #v +QMDE
MtBHB “v pN,B2#H2bb2/ # vk K[XKU

UkXRKkV

Nc Ed Ec
N, = —ex
" o P Ko T

b +QMb2[m2Mk2REK U2 M;2/iQ i?2 7QXKRE7 1[X U

= no+ Na UKXRjV

aBKBH "HW@iv02 b2KB+QM/mMkiON g2 Bi2Bb "2 bQM #H2 iQ bbn
i?2 np 0 MN; Ng bBMEE2Bb 2tT2+i2/iQ bi v #2HQr i?2 2M2 ;v H2y
/IQMQ bX h?2 2 KGW2 INX#Q bBKTHB}2/ iQ i? XX@X Q7 1[X U
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Na
E. Er
koT

! = po+ Ny UKkXR9V
1+ ga exp

>2°27r2i F2i?2 2H iBQM b?QrM BM i? X Ka-BONQ * GINM KB7 2] XBIQ M-

i?72M 1[RX®O9+ M #2 “2r' Bii2M BMiQ M2EFGK+B@WLBN2 BM; i?2
/2°Bp iBQM b?QrMXBEMNK 1[X U

o !
ex Ea Er = iex Er Ea
G &P kT Oa P kT
[ |
:iexp H exp ﬁ UkXRS8V
Oa ko T kpT
!
_ 1Ny B E
Oa Po P ko T

q?2°2 i?2 H bi HBMRX@B+LMK 4R 7m i?2°

bBKTHB}2/ #v +QMbB/2
MtBHB "v pN B2#H2bb2/ # vk X[K&U

E, E
N, = — —— kXReV
p gAexp KT U e
>2M+2 I{XRBb MQr im M2/ iQ i?2 kARXQ7 1[X U
Na
= po + Ng UkXRdV
1+&
N

h?2 bQHMIBQMIbX®RY MU[X[RXBRd 2 ;Bp2M #XINZ M/ 1 [RKXE N
"2bT2+iBp2HvX

S

N, + N N, + N,)?

"2 a, (M 4 ) +N,(Ng Na) UKkXR3V
S

N, + N N, + Ng)?

i d. (p4 ) Np(Ng  Na) UKXRNV

No =

Po =

2.2.2 Band gap narrowing

q?2M /2i2 KEYMBM; bT2+B}+ aB* b KTH2-i?22 M
iQ #2 i F2M BMiQ
/2p2HQT2/

TTQrBM; Q7 1?2 # M|
++QmMi B7 i?2 aB* b KTH2 Bbh 2RRpBHR2 /QT2/X S

KQ/2H iQ + H+mH i2 i?2 # M/ ; N@M MI@ivEN ;a@7 X Qi ?
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h?2 KQ/2H Bb T'2b2Mi2/ b i?2 7TmM+iBQM Q7 BQMBx2/ BKTm Bi
K2i?Q/QHQ;v7Q i?2 KQ/2H /2p2HQTK2Mi Bb # b2/ QM x2 Q@2
iBOQM 7Q K HBbKX h?2 2M2 ;v b?B7i Q7 i?2 +QEAAMNMBQN2 # M/ |
p H2M+2 # M/ K tBEAMIQU iM@ivT2 aB* "2 2tT 2bbRX ¥y M[X U
1[XKXNR “2bT2+iBp2HvX h?2 p Hm2b Q7 iXX Wy M2 PRKUBRM 1[X L
7Q° j*@-9>@ M/ e>@aB* "2 bmKBOBx2/ BM h #X

N + 1=3 N+ 1=2
- d d
Ec= Anc 1018 + Bne 108 UkXkyV
N 1=4 N 1=2
Ev=Anw 105 *Buwv 1o UkXKRV

TQM@ivT2 UK20V j*@aB* 9>@aB* e>@aB*

Anc @RdXkk @RIXNR @KjXjR
Brc @kxs8d  @kXKky kXke

Any k8Xy8 k3Xkj kexsd

By 3XyR exko yX9j

h #H2 kXS, K2i2(®(7Q  i?2 + H+mHEJBOMEQD M ivT2 j*@- 9>@
M/ e>@aB* mbBEM ML NK/ U [RKXWK

q?2°2 bi?22M2 :vb?B7iQ7i?2 +QM/m+iB Y MM/ M/2KB MBM mX L
# M/ K tBKmE,W Q7 iMRivT2 aB* "2 2tT 2 b bk Mkv M [ X [BKXWj-
"2bT2+iBp2HvX h?2 p Hm2b Q7 i? X XNk KIZi2[MXB/M Q[Xj U@ - 9> @
M/ e>@aB* "2 bmKK "BkXBRiR #Xi i?B /}iiBM: T * K2i2  Bb /
BM 1[RXWj7Q  9>@ M/ e>@aB* 7Q T 2+BbBQM BKT Qp2K2MiX

N 1=4 N 1=2
Ec= Apc 10?8 + Bpe 710?8 UkXkkV
N 1=3 N 1=2 N 1=4 .
Ev=Amw 105 B 105 *Cov 1d% UkXkjV
h?2 7Q 2K2MiBQM2/ + H+mH iBQM K2i?Q/ Bb TTHB2/ 7Q" i?:
- TM "QrBM; i #bQHmi2 x2°Q Uy EV r?2°2i?2 "2bmHi2/ M " Qr

ByoV /m2iQ BKTm BiB2b /QTBM; + M #RXMXK 2bb2/ #v 1[X U

Ego= Eg+( Ec Ev) UkXk9oV

q?2 Ely Bbi?2 # M/ ; T Q7 BMi'BMbB+ aB* iy E M/ 2[m Hb iG
20 M/ jXRy 20 7Q " j*@- 9>@ M/ e>@aB*- "2bT2+iBp2HvX h?2
+°2 b2b rBi? "BbBM; i2KT2" im'2 /m2 iQ i?2°K H 2tT MbBQM- r?
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7QT@ivT2 UK20V j*@aB* 9>@aB* e>@aB*

Apic @ReXR3 @ReXRS8 @kRXdd
Bp:c @y X8k @RXyd yXRy

Apy keXje @j8Xyd @kdX33

Bpv @9Xk3 eXd9 9Xey

Cow @ 8eXNe 8y XR]

h #H2 kX8,  K2i2(®(7Q  i?2 + H+mHIBOMEQRT@ivT2 |*@- 9>@
M/ e>@aB* mb BM N [NK/ U [BXWjX

2H2p 12/ i2KT2E4()\2Bb ;Bp2M #v i?2 2KTB B+ H® "bDMBrM@H iBQM
BM 1 [KX W8

ar?
T+b

q?2°2i?2}iiBM; T "aKMR7Q  HH aB* TQHw§w=2Bb2 " 2q 4
20E! Mhb=1:8 10° EVX

Eg(T) = Ego UkXk8V

2.2.3 Absorption coefficient of 6H-SiC

#bQ TiBQM +Q2Yy+B2MKU2 B H Bb mb2/iQ [m MiB7v ?2Qr [mMmB+FHv
HB;?i #2 K ;2ib ii2Mm i2/ b Bi T2M2i i2b i?°Qm;? i?2 b KTH2X |
[2TIBX2R2 /2Ti? r?2°2 1?2 BMi2MbBiv Q7 i?2 HE;Qi#2 Kp/ 2Hm2b iQ
ii?72BM+B/2Mibm 7 +2- Bb 1=iX &BWBRHmMVMHDbIKRZMIB HT ~ K2i2° 7Q
i?72 /2i2 ' KBM iBQM Q7 i?2 gMD2B#+RPEBW H2p2B W 7Q " i?2 "2b2 "+? °
iQi?2 HB72iBK2B QZ+HQX#BM iBQMWN*MTi#2 "B2'bi° TTBM; #v i?2
M2; iBlp2@Mi2 b U*BVI{2Ai Bb BKTQ i MiiQ FMQr i?2 p Hm2 Q7 i?2
#bQ TiBQM +Q2{+B2Mi @7? e>aB;, mBiPBQM r?B+? Bb i?2 +QM/BIiE
i?72 H b2 2t+Bi iBQM BM Qn2i HEMX? ggB K2 bm 2/ i?2 i2KT2 im 2@
[2T2M/2Mi #bQ TiBQM +Q2{+B2Mib 7Q" j*@- 9>@ M/ e>@aB* i?B
2tT2°'BK2Mi Hb2imT +QMbBbib Q7 ?QK2K /2 /m H#2 K #bQ TiBC
rBi? b2p2° HivT2b Q7 TmMKTBMER b20MP2n2iBQM r b TTHB2/X h?.
rp2H2M;i? > M;2 Q7 i?22 K2 bm 2K2MihpXBRodN QKV] NG k ORI

20VX h?2 BMi~ # M/ #bQ TiBQM +Q2{+B2Mib Q7 e>@aB* r2°2 K2 &
2i XX h?2°2BM- M #bQ TVEOQW 2 éb/@aBE2ctMHQM/BiBQM r b
7TOMM/iIQ T2 F i "QmM/ kXy 20X aBKBH "Hv-r2 HbQ 7QmM/ i?2 Tz
i M2 "Hvi?2 b K2 T?QiQRIXNW22oW QM ir@abiv QMe@ adBKTH2b -
BX2XL@R M/ aL@kUi?2 /2i BH2/ T *~ K2i2 b "2H i2/iQ i?Qb2 irQ t
BMi"Q/m+2/ H ii2° BM i?Bb +? Ti2 VcX& b2 r MbBMT6BQM bT2+i"
r2°2K2 bm 2/ #v M BMi2;" iBM; bT?2 2 Ui?2/2i BH2/2tT2 ' BK2Mi F
i?72 BMi2;" iBM; bT?2 2 rBHH #2 BMij\Q¥{mPH22 BMI H? M['iiBQM 7Q " i?E
#bQ TIiBQM T2 FBb T QpB/2/ # GBI BD MTRMQ@QBNG T BM+BTH2b

+ H+rmH iBQMb-i?2v T °Qp2/i? ii?2T2 F "QmM/ kXy 20 Q7 i?2 QTiE
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QM@ivT2 e>@aB* Bb + emb 2 /MW/BIiRQM Z QK@ # M/ M TQBMi
Ubb?QrM BM 6B:X9URV BBM?BRMX?22 +QM/m+iBQM # M/ 7i2° #b
BM+B/2Mi T?2QiQMbX

6B:m 2 kKXe4bQ TiBQM bT2+i° QM&Q@ B2 QMTH2 aL@R aL@k m)
E?c +QM/BiBQMX

2.3 Growth of f-SiC

2.3.1 Growth of f-SiC epilayer by FSGP technique

6B;m 2 kXad?2K iB+ BHHIMbQ7EBLBB(i? b2imT feb:BM;+?MB[m 2
U+ Qbb@b2+iBQM H pB2rvX

bJdm > i2i BX ? p2 2tT2 BK2Mi HHvV /2KQMbi  i2/i?2 i 2M/ r?2
bBQM 2{+B2M+v. BH PXQR#BM iB@MQBA QVIERiN T 2 %@ aByImH/
#2 7m’i?2°  BKT Qp2/ #v NRiiBMN; #Qi?B;?22 108M-K3X 6 bi
am#HBK iBQM :"QriB8 V2B T iQ MQr QM2 Q7 i?2 72r 2TBH v
K2i?2Q/bi? i + MN2-MiBXID'® +K3 7QL@%Q @/ QTR KB¥?2 b+?22K iB+



18 2 General properties of SIC and growth of 6H f-SiC

/B ;" K Q7 i?2 +' Qbb@b2+iBQ/ND B;BEE2? QMpPB2QMK2Mi Bb b?QrM E
6B;RXH h?2°2 Bb QMHV R KK p2°'iB+ HbT +BM; #2ir22M i?2 bQm "+
bm#bi® i2-r?22°2i?22Tm TQb2BbiQ T 2p2Mii?2p TQ bT2+B2biQ
r HHbX TQHv+'vbi HHBM2 aB* TH i2 Bb +?2Qb2M b i?2bQm +2 K i
TQr/2 b-i?Bb Bb iQ "2/m+2 i?2 /2MbBiv Q7 i?2 bi'm+im~ H /272+ib
r?B+? Bb "2~2+i2/ #v i?2 B "2;mH "BiB2b QM i?2 bm 7 +2 Q7 i?2 b/
/IBiBQM- Bi Bb 2 bB2" iQ +QMi"QH i?2 ;°Qri? T'Q+2bb #v mbBM; bQC
TQr/2  bQm +2-r?22°2i?22TQr/2 bQm +2 Bb KQ 2 HBF2Hv iQ bm#H
rvx AMi?Bb "2b2 "+7?-i?2aB*bQm +2 TH i2 Bb ;" QrM #v KQ/B}2/ T
TQ U@SoRYyr?2°2i?2 /2i BHb #Qmi i?Bb i2+?MB[m2 rBHH #2 BM,i
h?2 ivTB+ Hi2KT2  im'2"> KT@mT /m BM; i?2 2TBHKRBRMX Qri? Bb
h?2 ;°Qri? * i2 Bb K BMi BM2/iQ BM+'2 b2 KHQ'rA2 r EBMMIiQ R8
MMiBH Bi "2 +R2PKIQ?1X h?2 }M H ;"Qri? i2KT2  im 2 Bb +QMi QH
T QtBK i2HvV #2ir22M@QR&BByY Km+? HQr2  i? M i? i Q7 T?vbB+ H p T
i MbT@oY i2+?MB[m2 r?B+? Bb * QnWBiYW}¥W?22M i?2 ;°Qri?
i2KT2" im 2 Bb HQr2 2/ +SpKTi?2/ KFB2Mi T 2bbm 2 rBHH HbQ /2-
2M #HBM; iQ K BMi BM ?B;? ;°Qri? ~ i2X hvTB+ H > M;2 Q7 i?2 K
K BMi BM2/ rBi?BM yXylIR71Q R¢9® 8i(#BHBx iBQM Q7 i?2 ;°Qri? ~i2
? M+2K2Mi Q7 i?2 MBi'Q:;2M BM+Q ' TQ  iBQMX LQi2i? ii?2 ?B;? +
L M/ " Qpm® +K3 +QK2b 7°QK i?2 ?B;? /IQTBM; +QM/BiBQM BM i?2
TH i2X g?BH2 i?2 +QM+2Mi° iBQM Q7 L BM i?2 2TBH v2" + M #2 71
i'Q/m+BM; MBi'Q;2M ; b BMiQ i?2 ;"Qri? K#B2MiX h?2 e>@aB* bn
RXQz@ tBb(@OOQKTH M2 iQmi20i /B 2+iBQMX AM //BiBQM- i?2 bm#
Bb +H2 M2/ } ' biHv #v i B+?HQ 2i?vH2M2- +2iQM2 M/ 2i? MQH- N
rBi?,P: L>: >»P, U8, R,RV,RI/ >*H >»P, Ue,R,RV b2[m2MiB HHvX P
Q7 i?2 +? HH2M;2b a7 STZHMBB[m2 Bb i?2 +QMi "' QH Q7 j*@aB* BM-
i?72°2 2tBbi ?B;? T'Q# #BHBiv iQ 7Q K j*@aB* /Im BM;@ZB2TBH v2
h?Bb Bb #2+ mb2i? ii?2°'2Bb ;QQ/ T? b2 ®lI})PBM 24 Qit32@dB2

M/ i?2@001) TH M2 Q7 e>@aB* M/ i?2 Mm+H2 iBQM 2M29,9X7 Q" j*@ aB
h?2°2 "2 b2p2° H/Bb /p Mi ;2b Q7 j*@ & B EB51Q HEWN BIQW-+BRM kei>+ F @
BM; 7 mHib +QmH/ #2 +°2 i2/ /m2iQ i?2 BM+ 2 b29d{ 20b2BM/m+2/
MQM@ " /B iBp2 "2+QK#BM iBQM +2Mi2°'b "2 BMi"Q/m+2/X 1ti® H
j*@aB* i BM7" "2/ "2;BQM rQmH/ 7m i?2° BM+"2 b2 i?2 /2pB+2 i2K
b ?B;?2" aBf* " iBQ +QmH/ 2M? M+2 i?29BM #+AH2mebBfO M iBD j*+ @B *(
#2 +QMi"QHH2/ #v BMi"Q/m+BM; i Mi HmK Uh V 7QBH #2M2 i? i?
b?2QrM BMX@BHh<2 h 7QBH Bb T '2i°2 i2/ #v #2BM; MM2 H2/ BM +
pB " QMK2Mi i*RIEBYykX8 ?2Qm bX "v BMi ' Q/m+BM; i?2 T 2i°2 i2/ h 7
; Qri? K#B2M@@B?2 aBf* + M #2 HQr2 2/ ?2M+2 j*@aB* + M #2 pQ

2.3.2 Growth of source material by M-PVT technique

b K2MiBQM2/ 2 "HB2 - i?2 bQmbaSaB#?MBitdZBb ;" Qi #v i?2
SohK2i?Q/-r?2°2i?2 + Qbb@Db2+iBQM H pB2@FdBI2b2Qri +2HH
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6B;m 2 kXa3+?2K iB+ BHHR)Q@Q7iBI2MZ/ aB* bBM;H2 + vbi HHBM2 ;°
MbBM® Soh2+?MB[m2 U+ Qbb@b2+iBQM H pB2rvX

BM 6BXG *QKT "2/ iQ i?2 +QMPAMKBRIPM/H M //BiBQM H ; b TB
Bb BMi"Q/m+2/ BMiQ i?2 J@EGK21RB/XQh?2 2BM- pBk, M2 UaB:
rBi? R,RyV M/ T QFWI2B*? +QMi BMb aB@ M/ *@2H2K2Mi- 21
BMiQ/m+2/ BMiQ i?2 ;"Qri? K#B2Mi pB i?2 ; b TBT2X AM i?Bk
Q7 aB* Bb Tmb?22/iQ i?2 7 +2i Q7 i?2 b22/2/ aB* r?B+? #°2 F i?2
Q7 i?2 +QMp2MWilBIQMN?® /X J2 Mr?BH2- /m2 iQ i?2 ++2H2  i2/ aB
Bbbm2 Q7 bQm +2 K i2°B H:  T?BiBx iBQM + M¥Q GWEHPZIRIQ H
/QTBM; mbBM; MBi"Q:2M- M 2ti° ~QrQ7 MBi'Q;2M; b Bb HbQ BI
2M #HBM; i?2 /2MbBiv Q7 MBi Q;2M BK T 0B iwkB M iDXEF222/aB* Q
iQ MBi"Q;2M /QT Mii? i Bb +QMi BM2/ BM #Qi? ; b T? b2b bQm -
bT2+B2b +QMi BMb "@2H2K2Mi Bb QMHvV KBtRRBM i?2 TQ Qmb b

2.4 6H f-SiC samples included in the thesis

h?2°2 "2bP@EMQ @/QTZ/@a#BKTH2b bim/B2/BMi?Bb "2b2 “+?2r?22°
i?2K BRivI®aABIS@R iQ aS@jV M/i?2 2bi M@ ivTi® KWBH2® R 2
iQaL@9VX >2°2r2;Bp2i?2i2KT2 im 2@/2T2M/2Ming Q2 + B2
poV-# M/ ; HHVUM/ TQbBiBQM Q7 ER VKBQH 2 pirHib KTH2b #v +QMbB
i?72 bi M/ “/ # M/ /B ;> KL@r+iQ®/QT2/ e> aB* b b? @XM BM 6B; X
2+ Mb22 BMX6B@J/QTBM; BM/m+2b i? 22 MQM2[mBp H2Mi /QMQ
H iiB+2 bBi2b Q7 e>@aB* b K&WiBQMR/ BM/6B; X2MQi2 i?2
BQMBxXx iBQM 2M2 :v Q7 i?2 "2bT2+iBp2 /QMQ" H2p2H- r?2°2 r2
7°QK _XDX (PM i?22 Qi?2 2 M/-?22°2r2 QMHvV +QMbB/2 QM2 /22T |
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6B;m 2 kX2 # M/ /B ;- KQ7 i?2@2+Q®/iQT2/ e>@aB*X

/QTBMBX2R2 r2HH @ FH@RMI2" rBi? i?2 BQMB Epi B ® 8y 4EDY X

Ai Bb rQ i?viQ K2MiBQM i? i r2 ? p2 +QM} K2/ i?2 2tBbi2M+2 Q7 I
H2p2H BM/m+2/ #VBY@RIDT EBMH2Mi2 - r?B+? rBHH #2 BMX®/m+2/ BN
LQM2i?2H2bb- Bi Bb #@HRMi2/ i®bibiBHH i?2 QMHV #Q QM “2H i2/
BM e>@aB* +iBp2 i QQK i2KT2" im' 2X h?2 K2i?Q/QHQ;v 7Q" i?2
i2KT2  im 2@/2W%20Mp2WE;, MEr "272 b iQ ahXbaARKX Kk ? 2
2t+2TiBQM Bb iXRIPXbUQ #2 “2r Bii2M BMiQ i?2RXM@b B 721X U

2 p2i?°22/Bz2 2Mi /IQMQ" H2p2HMBM E2@aB* 22 2@M+2Mi’ iBQM
i72 /QMQ  BKTm Biv QM2 +? H iiB+2 bBi2X

X )
N L = ng+ Ny UkXkeV

E;

ko T

b1+ Eex
QDNC p

h?2 2bb2MiB H T * K2i2'b Q@i22KZH2pEM 2 bmKK "Bx2/ BM
h #%XXeb b?QrM #2HQrX LQV2a @28*B*2 v2'b QM HH b2p2M b KTH2b "2
QM k8K i?B+F e>@aB* bm#bi> i2b UaB* vbi H :K#>VX h?2 i2KT2" ir
no URYVE;, MEr Q7 HH F2Z@RKTH2b "2 b?QrMXBRWLEBI2Xi? i 72
"2H i2/bQm +2 +Q/2 r’ Bii2M BM SVi?Q Mo7\DPei PR, + MErmHQIBQM Q7
HHi?2b KTH2b + M #2 7Q nUMB/MBVH @ BD/i BMXTST2X2- 7Q " i22 i 2M/b
Q7 i?27°22 + "B2nd2MNVBIBBLVWI B aB2 M/ i? i i?2 7°22 + "B2°
/2MbBIpWWB Db /2T 2M/MNN.QM HQr@i2KT2  im 2 M:2 TT QtBK i2Hv 1
Kyy Er?N2 N,- M/ #2+QK2b /QKBM N/ #2H2p i2/i2KT2" im 2b
r?2°8 Bb +QKT ~ HK2 BBKBH “Hv- i?2 i2M/2pd BW@iv V/BMB *
b?Qrb /2T2M/2M4BI2 bMNE Ng b r2HHX LQi2i? ii?2°2 Bb MQ + Qbt
KQM; i?2 +m p2b Q7T@Iix T 2R T 2b2MiBM: i?2p4 > 20\B/N) 4R7# Qi ?
i72Bl3=Ng MMN, Ng 7QHHQr i?2 ° MFBM; Q7 aS@R = aS@k = aS@jX
i?72 i2KT2 im2@/2T2M/2Mi # M/ ; T@aB*¥QFBRMg-BBA + M #2 b22M



2.4 6H f-SiC samples included in the thesis 21

i? ii?2 2ti2Mi Q7 i?2 # M/ ; TM ~"QrBM; Bb bi'QM;Hv /2T2M/2M
+QKT2Mb iBQM BKN.n7 BV@ i BRDXBINg 7QT@iVIB XBDb 7Q i?2
2PQHMIBQM Q@ivT @ aB?2 62 KB H2p2H i2M/biQ #2 r v7 QKi?2 +
# M/ KBMBEMK HQM; rBi? i?2 BM+TI2d2Q72 i 2M/bQ7MRQi?

Er "2~2+ii?2 2pQHV@ BRI (@TBM; H2p2H rBi? +? M;BMT@2KT 2" i
ivIZ@amBi Bb 7QmM/ i? i i?22 i'2M/ "2; /BM; i?2 /Bz2 2M+2 #2ir
M/ p H2M+2 # M/ KEBKmMKBMbi i?2 BM+'2 bBM; i2KT2  im 2 #2+
M2; iBp2 H@12T2 /QTBM; H2p2H BM+"2 b2b-r?2°2i?2 T?vbB+ H
i?Bb T?22MQK2MQM biBHH "2[mB 2b 7m i?2  BMp2biB; iBQMX

a KTH2 aL@R aL@k aL@j aL@?9 aS@R asS@k
dorg UKV 98 98 R8y k8y dpe 93
Ng N Xy NXk kX38 kX88 yXy9 j Xk e
N. U108 +K3Vv[ 9X9 8Xk RXRy RX8y 3Xy eXN
No -Po RXNy RXeN RXj9 RXyk kX]jN RXRR
107 109 101
Es  Uk20v kN38 kN3j jyyj Jjyyi Jy9 JyyR kN Nk
Er k333 k33j k3Nd k3Ny 9d8 eR8 eek

h #H2 kX&@bb2MiB HT *~ K2i2 b 7@ bBIKTHRDERM r?24d275 272 b
iQ i?72 2TBH v2  i?B+FM2bbX Ai Bb HbQ M2+2MNg-Ns iQ2K2MiBQ
K2 bm 2/ #v iBK2@Q7@~B;?i b2+QM/ v BRMaKka Vb T2+i Qb+QT
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6B;m 2 kXRy22 + H+mH i2/ i2KT2 im 2@/2T2M/2Mi 7°22 + *°

do QpoV- # M/ ; EPVUM/ TQbBIBQM Q7 &2 KB H 2pH 2 ldM B>
b KTH2bX

B2°

b



CHAPTER 3
Experimental technigues

h?2°2 "2 p 'BQmb BMbi'mK2Mi iBQM bvbi2Kb r?B+? + M #2 TTF
72°2Mi bT2+ib Q7 i?2 T'QT2'iB2b Q7 aB* K i2'B HX AM i?Bb +
K "Bx2 i?2 2tT2 'BK2Mi H i2+?MB[m2b 2KTHQV@ABW+Bm/BNp,2
V h2KT2 im 2@/2T 2V GOMbKBKCEG® h?2 K HHvV biBKmH i2/ HmK
ha® K2 bm 2K2Mi bvbi2Kc +V hBK2@ 2bQH p2/5T? R2Q4+m B BM 2 b
K2Mi bvbi2K # b2/ QM iBK2@+Q " 2H i2/ bBM:H2 T?QiQM +QmMiB
bT?2°2 # b2/ T?QiQHMKBM2b+2 13 628 ¥K\Ri K \2EK2HM i b vbi2 K X

3.1 Thermally stimulated luminescence measurement
system

AM i?Bb "2b2 “+?-i?2 BK Q7 T2 7Q KBM: i?2i?2 K HH®biBKmH
K2 bm 2K2Mi@ B iQ bim/v i?2 " /B iBp2 "2+QK#BM iRQW M/ i??2
20" TTBM; T°Q+2bb "2H i2/iQ i?2 MQM@2[mBHB# BmK K DQ Bi\
i?2b? HHQri> TTBM: +2Mi2°b-r?2°2i?2b? HHQri' TTBM; +2Mi2
#v /QT2/ BKTm BiB2bX h?2 /2i BHb Q7 i?2 “2b2 “+? r&HH #2 BMi

3.1.1 Introduction to TSL

hQ +H "B7vi?22tBbi2M+2 Q7 b? HHQri° Tb7Q i?2K DQ 'Biv+ |
i?72 +QM/m+iBQM # M/ KBMBKmK Q' #Qp2 i?2 p H2M+2 # M/ K t
+QmH/ z2+ii?2 HmMKBM2b+2M+20Ta EPP2b VB 2DKQiBe>2t KBM iBQM
i?72B° 2M2 ;v H2p2Hb rBi?BM i?2 # M/ ; T M/ i2KT2 im 2 /2T2M/
h2KT2 im 2 /2T2M/2Mi ? HH K2 bm 2K2Mib +QmH/ "2p2 H 2M2
/Bz2 2MiB i2 #2ir22M /Bz2 2Mi /IQMQ~ M/ ++2TiQ H2p2Hb M/ /
MQi?2" /Bb /p Mi ;2 Bb i? i +QMi +i T'2T * iBQM B@ MR 2bb "v
iBK2 +QMbmKBM;X h?Bb Bb HbQ i?2 + b2 7Q" Qi?2" K2i?Q/b F
bT2+i"Qb+@hT&V U /KBii M+2bT2+i ' Qb+QTv M/ + T +Bi M+2bpQHi
i?72 Qi?2° ? M/- i?2 K2 bm 2K2Mi Q7 i?2'K HHv biBK&®H K2/ Hm!
MQM/2bi ' m+iBp2 M/ 2[mB '2b QMHV i?2°K H+QM/m+iBpBivX
h?2 T"TBM+BTH2 M/afBiBbmIQK Bx2/[RRr8B;Xr2 i F2niQ

K2 bm 2K2MiM®7VvM2 b2KB+QM/m+iQ K i2'B H b M 2t KTH2X A
i?72 b KTH2 i HQr i2K2XzBMDh™ + W2 dBXKTH2 Bb F2Ti i k8
E ii?72 BMBiB H bi ;2V Bb 2t+Bi2/ #v s@ v &Qi@ +2MbBE KM@ KiB N
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i?72iQT Q7 i?2 p H2M+2 # M/ BMiQ i?2 +QM/m+iBQM*™™# M/ M/ ;2M2
i?72 1IQT Q7 i?2 p H2M+2 # M/X S "iB+mH "Hv- BM i?2 ?B;?Hv +Q@
e>7@aKQbi Q7 i?2 MQM@2[MBWHB#2 BmiKm 2/ #v i?2 2tBbiBM; /IQMQ
M/ ++2TiQ H2p2Hb r?2°2i?2 bTQMi M2Qmb 2KBbbBQM rBHH #2 [
i?72 S "2+QK#BM iBQM T?QiQHMKBM2b+2M+2X q?2°2 bi?2 "2K B
K DQ'Biv + BBR2XY U 2 i° TT2/ QM i?2 b? HHQr i° TTBM; +2Mi2° K~
H2 pBM; i?2 H27iQp2  MQM @ 2[mBH BXIBXMIQKB NV B+QK#BBR2IBQM
+2Mi2° b b?QrM BM i?2JXIRV.Q7B&B;X?2 b KTH2 #2BM; ?2 i2/ mT rB
+QMbi Mi ?2 iBM; * i2-@&?Bb iP22K HHv biBKmH i2/ M/ i° MbBi2/iQ
2Bi?2i?22t+Bi2/bi i2Q7i?2i TTBM; +2Mi2 Q i?2#QiiQK Q7 i?2
b?QrM BM i?2 UAXRNTBI;2R 'K HHv beBKMH#I2Tm i?2" "2i° TT2/ #v
i?72;°QmM/bi i2Q7i?2i  TTBM; +2Mi2" @" "2 QK2BRR#BM iBDM
+2Mi2° " /B iBp2Hv-r?2°2 i?2 HmKBM2b+2M+2 + mb2/ #v i?2 H i2°
i?72?2 K HHv biBKmH i2/ HhnaKBXRQ+2MW+i2KQ 2 BM7Q K iBQM bT2+E
T2H i2/iQhiel?K2 bm 2K2Mi@ @BKTH2E-Xp BH #H2 i2KT2 im 2" M;2b)
rBHH #2 ;Bp2MBRM a2+X

6B;m 2 jXB,V s@ v 2t+Bi iBQM Q7 i?2 b KTH2 i k8 Ecadi#V hrQ T i~
"2M2° iBQM- 1?22 i22 +# MB2/i?2 K HHvV 2t+Bi2/ iQ RV i?2 2t+Bi2/ &
i TTBM; +2Mi2° Q" kV i?2 +QM/m+iBQM # M/ KBMBKinikk2?2M “2+Q
“2+QK#BM iBQM +2Mi2 X

3.1.2 Experimental setup of TSL measurement system

h?2 2tT2'BK2Mi H b2ien@KQ DnP2K2Mi Bb T 2b2jMir/?BM 76 B bX

b2H7@ bb2K#H2/ /Im"BM; i?2 mi?Q 6b 2ti2 ™M H bi v i IMBp2 bBi\
g2 + M b22i? ii?2°2 "2 ;2M2° HHv irQ bi2Th BM i?2 hW2G +i2°'Bx iB
K2 bm 2K2MiX 6B bi- i?2 b KTH2 Bb KQmMi2/ QM i?2 + vQbi i U
* uP:1LA*a 3jyy- p +mmK TmKT, *PJ"Ao * *J jR- i2KT2 im 2 +QMi
G F2a?Q 2 jjy miQimMBM;V mbBM; bBHp2 " T bi2X h?2b KTH2 ? b
k8 EBM p +mmK +? K#2 X q?2M i?2 i2KT2 im 2 Q7 i?2 b KTH2
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Bi Bb 2t+Bi2/ #v i?2s@  vbQm'+2 UaB2K2Mb L LP.P_R-Db2i b
7Q e +v+H2b rBi? jy b2+ T2  +v+H2X a2+QM/-i?2 + vQbi i bi il
i?72 T 2b2i?2 iBM; " i2-i?2 7?2 iBM; " i2Bb +QMi QHH2/iQ #2 bi

im 2 +QMi"QHH2 rBi? iRR.HH#EZBRPIKX h?2i?2 K HHv biBKmH i2/
"2 KQ/mH i2/ #v  +?2QTT2 UJQ/2H a_89y- ah L6P_. lal _*> a
AL*XV BM Q'/2  iQ 2HBKBM i2i?2 # +F;"QmM/ MQBb2 i?2M +QHF
iIQKMHIBTHBRJHm#2PUL 1JA 1H2+i'QM hm#2bV rBi? i?2 HQ+F@
Ua_8Ry- ah L6P_. _lal _*> auahlJa- AL*XVX M miQK i2/ /i

iBQM M/ pBbm HBx iBQM T Q; K /2p2HQT2/ #v i?2 "2b2 "+?2°b
1'H M;2M@LC M#2 ; bBKTHB}2b i?2 IhaGKRKQb2bBDBENMIQ2bM2Hib X

6B;m 2 jXk+?2K iB+ /B ;° KHalTK22bm 2K2Mi bvbi2K r?2°2 i?2 ir
bi2Th Q7 i?2 2tT2 ' BK2Mi H QT2  iBQM "2 BM/B+ i2/X AM //BiB1
bQK2 Q7 i?2 +QKTQM2Mib Q7 i?2 2tT2 ' BK2Mi Hb2imT "2 TH +2,

3.2 Temperature-dependent micro-PL system

h?22Tm TQb2Q7 TTHVBM;i?2i2KT2  iSiGR® baT 2M 2WiGKBA  Q @
BbiQ BMp2biB; i2 iT2HIDMi2H2218 2{BbbBQM r?B+? rBHH #2 BMi"
BM *? Tex'

3.2.1 Cryostat system

h?2 + vQbi i bvbi2K Bb 2bb2MiB H 7Q" i?2 i2KT2  im 2 +QMi Q
/2T2M/2Mi IKSBSbV@@ KX h?2 “2H i2/ b+?2K iB+ /B ;> KjBp b?QrMm
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6B:m 2 jXa+?2K iB+/B :° KQ7 +vQbi i bvbi2K U7 QK, Pt7Q / AMbi
i?2 TB+im 2 Q7 i?2 + vQbi i Bbb?QrM BM i?2 #QiiQK H27i +Q M2 X

r?2°2i?22r?QH2 bvbi2K Bb Tm +?2 b2/ 7°QK P Q/2AIMKT MK@Mib T
im2Q7i?2b KTH2 BKTH2K2Mi2/ BM i?2 + vQbi ibvbi2K+ M #2 +Q
iQJRYEQ rBi?BM kXk EiQ jRy ErBi? HB[mB/ MBi'Q;2M Q"  HB[mB/
AMQm™ "2b2 "+?-i?2+ vQbi ibvbi2Kmb2b HB[mB/ MBi Q;2MX h?2
bvbi2Kb?QrMBMWM @B;KKK "Bx2/ b7QHHQrBM;b, U V*'vQbi iUJB+"
TB+im 2Q7i?72 2 HT Q/m+iBbb?QrMBM i? 2XQ{i QKWHERZK FB @ 2"
im2+QMi " QHHZBHh¥IBIPn2K#2//2/ T QTQ iBQM H BM$2ZA,V H /2°Bp i
+QMi"QHH2 VX U+V *'vQ;2M biQ" ;2 /2r -r?2 21?2 HB[mB/ MBi Q;
~Qr K2i2° Uo*9R ?2HBmK M/ MBi"Q;2M; b ~Qr +QMi"QHH2 VX U2V
JQiIQ ' bLoVX LQi2i? ii?2 + vQbi i KQmMi2/rBi?i?2b KTH2 M22/b
/QrM iQ i?2 T ZbIOP XK# - #27Q°2 i?2 K2 bm 2K2MiX h?2 p +mmK °
bvbi2K TTHB2/7Q  i?22p +m iBQM Q7 i?2 +'vQbi i Bb Tm +? b2/ 7
a aX 6BX® V b?2Qrbi?2i?°22 K BM +QKTQM2Mib Q7 i®*2 p +mmK Tm

3.2.2 Micro-PL system

h?2 i2KT2" im 2@/ ZTGBNWI2Wib BiB 2Zh@@B K2H2b "2 K2 bm 2/ #v
KB+ 9L@vhbi2K b?QrM X BR;2XKBSHGRV®i2K +QMbBbib Q7 +QMiBMn
/IBQ/2 H b2 B ?”MK M/ M QTiB+ HbT2+i'QK2i2  Ub? K'Q+F a_@ijy

Rh?2 Q'B;BM H};m 2 Bb 7°QK i?2 Q{+B H# Q+?2m 2 Q7 JB+ Qbi i>2 p BH #H2 i,
2iiT,ffM MQb+B2M+2XQtBMbiX+QKf bb2ibfmTHQ /bfT Q/m+ibfM MQb+B2M+2f/Q+m
7 KBHV@ Q7@+ vQbi ibXT/7

Kh?2 };m 2 Bb 7°QK i?2 Q{+B HK Mm H Q7 >B*m#223yTh+QrrpXBH2#HR X
+QKf7BH2bfJ Mm HbAAfS72B772 n>B*m#23ynl+QXT/7


http://nanoscience.oxinst.com/assets/uploads/products/nanoscience/documents/Microstat-family-of-cryostats.pdf
http://nanoscience.oxinst.com/assets/uploads/products/nanoscience/documents/Microstat-family-of-cryostats.pdf
https://www.idealvac.com/files/ManualsII/Pfeiffer_HiCube80_Eco.pdf
https://www.idealvac.com/files/ManualsII/Pfeiffer_HiCube80_Eco.pdf
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uyv U#V

6B:m 2 jXA V S?QiQ Q7 i?2 p +mmK TmKT U7 QK, S72Bz2" o +
S?QiQ Q7 i?2bT2+i'QK2i2 U7 QK, M/Q h2+?MQHQ;v Gi/VX

6B:m 2 jX8#?22K iB+ /B ;" Kb Q7 i?2 }#2 @€RXimA2Md B++ @K
+? K#2 Q7 0?2 + vQbi i bvbi2K K@aENK 2 H 25 ?



28 3 Experimental techniques

i"Q:> T?- M/Q h2+?MQHQ;v Gi/VX "Qi? i?2 2t+Bi SEQKBW @2 #2 K
bBQM "2 }#2 @+QmTKR+iQb+8yT2 H2Mb BM |7 QMi@ 22 B+ i BEXQM

+QM};m" iBQMX h?2 TB+im 2 Q7 i?2 @DHiB2QHM BM UGXEKIZ 6B ;X

Ai Bb rQ'i? iQ K2MiBQM i? i i?2 bT2+i QK2i2' +Q¥GbBTMQHB/2 p2"
K2 bm 2K2Mi bQHMIiBQMX hQ #2 bT2+B}+-r2 b2i i?2 bT2+i QK2i2"
9y iBK2b T2 bRX%@BI?U 9y >x 7°2[m2M+vV rBi? dX8 b2+QM/b BM iQi
}M BGbT2+i"mK Bb Q#i BM2/ #v i FBM; i?2 p2  ;:SQETi2Ri+ Tim 2/ |
r?2°2i?2 BMi2 72 2M+2 7°QK i?2 K#B2Mi MQBb2 + M #2 KBMBKB x

3.3 Time-resolved photoluminescence measurement
based on fime-correlated single photon counting

solution

h?22 Tm TQb2 Q7 i?2 2KiT QKB M mi72K 2 Mi® @BFh BM Qm” “2b2 “+?
BbiQ 2ti° +ii?2BM7Q K iBQM "2H i2/iQi?2 + B2  HB72iBK2b Q7
+? MM2A@B®MB+? rBHH #2 /Bb+mbb2/ BM8Ri BH BM *? Ti2"

3.3.1 Basics of the principle of TCSPC

hvTB+ H~mQ 2b+2M+2 /2+ v +m p2 +QMbBbib Q7 KmHiBTH2 2tTQ
r?B+? i?2 HB72iBK2 Q7 i?2 7 bi2bi/2+ v+? MM2H Bb MQ 'K HHv ?m|
b2p2° HM MQb2+QM/bX hBK2@+Q "2H i2/hBM: HOT2IQBRM MQm Mi
Q7i?2i :2ibQHMIBQMbiQ [m MiB7vi?2/2+ v+QMbi Mib Q7 i?2 ~m
h?2 # bB+b Q7 i?2 QM2aIBXQYMIOK + M #2 /BpB/2/ BMIidOIXQ bi2Th(

RXm'BM; 2 +? +v+H2 Q7 i?2 TmHb2/ H b2 2t+Bi iBQM QM i?2 ~m
iBK2 BMi2tp/ H2ir22M i?2 bBM;H2 H b2 TmHb2 BMD2+iBQM M,
bBM;H2 T?QiQM Bb "2+Q /2/- b b?QXMIBRI'2?22?70 2HQRF#I6BMNB +b
7Q° K2 bmitBW if2aS*bvbi2K +ib HBF2 biQTr i+?c

kXL +?2t Bb //2/iQ i?2 6bi +FO H #2H2/ rBi? ° M2X-Qt7 0iBK2 #BMtI
500 TbV r?2°2i?2 6bi +F6 2T 2b2Mib i?2 MmK#2 Q7 T?QiQM +Q
rBi? /Bz2 2Mi > M:2b Q7 0iBK2 #BMbo MW aEHPBIIRADIBKmMi2 i?2
b?2QrM BM i?2 U#VXR7LEE2Xi? i i?2 HQr2" HBKBi Q7 i?2 6iBK2
Bb z2+i2/ #v i?2 "2bQHMIBQM Q7 i?2 biQTr i+HP*@827? p2/ 2H2-
bvbi2KX

PM2 Q7i?2 2bb2MiB HTQBMibBbi? i QM2 Kmbi F22T i?2 T Q# #E
i? M QM2 T?QiQM T2  +v+H2 Bb HQrX h?2 T°2+QM/BiBQM Q7 K B

in?2 TB+im 2 Bb 7°QK i?2 mb2 b ;mB/2 Q7 a? K Q+Fiid.@ijyjBi (pFrB B BAKIRI Xi
+QXDTf2MfT Q/m+in7BH2f7BH2f .RynK MyRn2MXT/7


http://www.tokyoinst.co.jp/en/product_file/file/AD10_man01_en.pdf
http://www.tokyoinst.co.jp/en/product_file/file/AD10_man01_en.pdf
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6B;m 2 jXdJ VJ2 bm 2K2Mi Q7 i?2 iBK2 BMi22d0MHA2 H b2 TmH]I
2t+Bi iBQM M/ i?2 bBM;H2 T? Qi@ *dKBkBQUEFB>Bbi®;" K Q7
2M2° i2/haS*bvbi2KX

[2i2+iBQM Q° 2KTBX2MEHZ2QIQM /2i2+i2/- b b?QrM BM i?2 b2-
b?QrM BM i?2 U YXgBOBQXbBKTHV ii2Mm i2 i?2 TQr2° Q7 i?2 T
PMi?2 Qi?2 2 M/- B7 i?2 MmK#2 Q7 i?2 Q++m 2M+2 Q7 i?2 T?
/m BM; QM2 2t+Bi iBQiMaSvbMBI2R2QmH/ QMHvV “2;Bbi2  i?2 } bi
#mi KBbb i?2 7QHHQrBM; QM2bX h?Bb rQmH/ + mb2 i?2 Qp2 2b
rBi? bK HH?2'2i?2 "2H i2/ 2z2+i Bb + HH2/ 6TBH2@mToX AM //
Q7 ihZaS*bvbi2K M22/b 6#'2 FO #2ir22M i?2 T?2QiQM “2:Bbi  iE
iBK2 T2'BQ/ 7Q" i?Bb 6#°2 F6 Bb + HH2/ 6/2 / iBK26-r22°2 0?22 T
i?72 /2 /| iBK2 + MMQi #2 “2:Bbi2°2/X h?2 Bbbm2 Q7 i?2 TBH2@m
/2TB+i2/ BMKBBL® K HHv- i?2 iBK2 hMS@ D7 V?@Q® B MQ K HHV

72r 2mM/ 2/bXQAM Q /2 iQ + Tim 2 i?2 "2H i2//2+ v T Q}H2 rBi?
iBK2 T2 'BQH*d22bvhi2K ? biQ #2 QT2  i2/ BMi?2 HQM: @  M;2@
iBK2 "2bQHMIiBQM Q7 i?2 biQTr i+?2@#2? p2/ 2H2+i QMB+b Km+7
UIkX8 MbVX h?2°27Q°2-i?2 Bbbm2 "2H i2/iQ i?2 /2 /| iBK2 + M #
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6B;m 2 jXdLz2+i Q7 TBH2@mT M/ i?2 /2 /| iBK2 /Im"BM; T?QiQM "Z
h*aS*bvbi2KX

3.3.2 Experimental setup of TRPL

h?2 /B ;" KQ7 i?2 2tT2 ' BK2Mi $IG2bmZIKQM/ i?2 TB+im 2b Q7 i?2 FZ
+QKTQM2Mib "2 b?XK BMEEEHKHQrBM; HBbi bmKK "Bx2b i?2 F2v +
Q7 iM2SGvbi2K Tm +? b2/ 7°QK SB+QZm Mi :K#>, U V SB+Qb2+Q
22 /1 UG.>@.@*@jd&B76BMXK - r?2°2 i?2 H b2 ?22 / + M #2 }#2° +QmT
i?72ImHH rB/i? i? H7 WadBKYWR7 i?2 H b2 TmHb2 Bb "QmM/ 99 Thbc
2iBiBQM " i2 + M#2 +QMi"QHH2/ 7" QK bBM;H2 TmHb2 iQ 3y J>xc U
/IBQ/2 H b2 /'Bp2°  US.G 3k3 6a2TB AA6-irQ +? MM2H p2'bBQMVc
THB2 /2i2+iQ° bb2K#Hv USJ >v# B/ 9yV-r?B+? Bb +QKT +i bBM
+QMbBbLIBM;hQBi? M p H M+?22 T?QiQM /BQ/2 U S.V KTHB}+ iBQN
h*aS*#Q "/ rBi? S*A2 BMi2 7 +2 UhBK2> T key SA*PV-r?22'2i?2/
iBQM Bb "QmM/ k8 TbX AMT" +iB+2-i?2 /2i2+iBQM Q7 i?2 iBKBM;
U?2°2 +tHHBb "2 HBx2/ #v i?2 BMTmi Q7 i?2 bvM+? QMBx iBQM bl
i?72 H b2 ?22 /X q?BH2 i?2 /2i2+iBQM Q7 i?2 iBKBM; Q7 T?QiQM 2
toV Bb +?B2p2/StWvhi? 81/ }M HtHvt, t:X LQi2 i? i #Qi? iBKBM; bB; @
M Hb "2 /B;BiBx2/ #v i?2 7 bh2dH2QQMBH? D 72bmBibh2m b 2/
iQ //72bb i?2 ?BbiQ;" K K2KQas®Mi?Rr?2 2 i?2 p Hm2 Q7 i?2 +@
+2bb2/ +2HH K "F2/ rBi? i?2 }ii2/ 6iBM2i#BRBbIQ;" K K2KQ v rBHH
#2 i?2M BM+'2 b2/ #v QM2X 6Q  i?2 BKTISZK2iviTi BUENB/R @i ? 2
+ VK2 bm 2K2MOBRRBRTH2W(#Qi? i?72 BMD2+i2/ H b2 TmHb2 M/ i?2
T?QiQM bB;M H "2 }#2 @50KBFHQRbL+Q T2 H2Mb rBi? i?2 +QM};m" i
7T°QMi@2trBIQIBI@M2i2+iBQMX h?2 ° /IBmb\QBH?R2HbINZ 2 b TQQ # P
yXkk KKX 7i2° 2t+Bi iBQM- i?2 2KBii2/ T?QiQMb "2 }Hi2 2/ #v
M/ i?2M i° Mb72 " HJKXiP22 + Bi2 B 7Q  +?QQbBM; i?2 iBK2 * M;
K2 bm 2K2Mi Bb iQ "2+Qp2  i?2 /2+ v T'Q}H2 b +QKTH2i2 b TQht
HbQ ? biQ T '2p2Mi i?2 BMi2 ' 72°2M+2 7°QK i?2 # +F;"QmM/ MQBL
+QmMib T2  b2+QM/VX h?2 BMRY BIBIRR H2pDBiv Q7 i?2 BMD2+i2
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6B;m 2 jX8+?2K iB+ /B ;7 Kh@ad?Rvbi2KX

T?QiQMb T2  H b2  TmHb2- Bb M 2bb2MiB H T+2MiZi2 ZH12R 2 N\
+ B2  /VM KB+b M/.iB2 Ri+i@BK#BM iBQM HB72iBK2 + H+mH iBQ
BMiQ/m+2/ BM8X?LTQRZ i? i i?2 TQr2 Q7 bBM;H2 H b2  TmHb2 Bh
i?2 "2T2iBiBQM * i2X h?2 TQr2 Q7 i? EqniBLi2/ H20Z2iB2BRM ~ i2
QR. Bb K2 bm 2/ #v M QTiB+ H TQr2  K2i2  U2M2 ;v K2i2  USJR
/2i2+iQ" UaRjyo*V- h?Q H #b- AM+XVX Ai Bb rQ i?v iQ K2MiBQ
bm 2K2Mi Q7 i?2 TmHb2/ H b2  TQr2 - i?2 H b2  #2 KBb 7Q+mb:
i?72 bBHB+QM /2i2+iQ X h?2M i?2 T?QiQM /2MbBiv QM i?2 bm 7 -
TMHPR+RV + M #2 + H+mH i2/ mbBM Uii?2 p HBm2h @7 HRp2 bTQiV
UTmHb2/ H b2 "2T2iBEBQMMHEBY/ Mb2 BM+B/2Mi TRRX XNMibBM;
1[XjMR- 1?2 7Q K2 irQ T “ibiQ;2i?2° "2 BK2/iQ :2ii?2 T?QiQM
T2 bBM;H2 TmHb2 QM i?2 b2MbBM; "2 Q7 i?2 bBHB+QM /2i2+
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7Q+mb2/ QM- M/ i?2 H bi T i BbDmbii?2 "2+BT Q+ H Q7 i?2 2M2
7°QKi?2 H b2 #2 KX

1 E

"R, r2 hc

AM //BiBQM-i?2 2z2Z;PpRY2DBIP2MIB H7Q i?2 + H+mH iIBQM Q7
H2p2BYyX >222,"2T 2b2Mib i?2 /2Ti? r?2°2i?2 BMi2MbBiv Q7 i?2 #2
? b Dmbi b? "' BMF iQ i?2 KB/TQBMi #2ir22M i?2 Q' B;BM H BMi2Mbl
BMi2MbBiv i i?2 #QiiQK Q7 i?2 iZBM MKX @R2IMBN2/ #v TTHVBM;
1[XXkr?2°2i?2 #bQ TiBQM B2 @AMy Ki8 MK rBi?
E?c+QM};m  iBQM b K2MiBQKRKEM am#b2+X

lo UjXRV

" #
lo+ loexp( d) _ _ 1 2 .
2 —|oeXp( Z 29 —) ZZZ—*In m UJXkV

6BM HHvV i?2 BMD2U #BRWYM H\R g#2H H+mH i2/ #v i FBM; i?2 /2 Bp i
i?72 ii2Mm i2/ #2 K BMZZMBB2V 2ibT2+i iQ i?2 /2Ti? U?2°2 2T 2b2Mi
BV b b?QrM BNMNKYKX U

jloexp( s)j
Is s=Z1, UjXjVv
I oexp( Z 2)

3.4 Integrating sphere system for photoluminescence
quantum yield measurement

AM i?Bb “2b2 “+?- M BMi2;  iBM; bT?2°2 # b2/ K2 bm 2K2Mi bvbi2
7Q°i?2 /2i2°KBM iBQM Q7 i?2 T?QiQHmMKBMR2@M2AM? ?@u RMimK vB2
b KTH2b-r?2°2i?2/2i BHb "2H i2/iQ i?2 K2i?Q/RH@7@ 787 *2bmHib
iQ *? TieX

3.4.1 Fundamentals of integrating sphere

MBMi2; iBM;bT?22Bb TQr2 7mH 2[mBTK2Mi 7Q  QTiB+ H~mtK
BMTmi ~mt bi'BF2b QM i?2 /Bzmb2 r HH BMbB/2 i?2 BMi2;  iBM; bT
K2'Qmb /Bzmb2 2~2+iBQMbr?2°2i?2" /B iBQM Q7 i?2BMTmi~mt
MMB7Q KHv QM i?2%8 BB HHMH i22 /2i2+i2/ BMi2;  i2/ " /B iBQM

hmiQ B H, AMi2; iBM; aT?2°'2 6mM/ K2Mi Hb M/ TTHB#TBQMb:X p BH #H2
M2rTQ iX+QKfifBMi2;  iBM;@bT?2°2@7mM/ K2Mi Hb@ M/@ TTHB+ iBQMb


https://www.newport.com/t/integrating-sphere-fundamentals-and-applications
https://www.newport.com/t/integrating-sphere-fundamentals-and-applications
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Bb T°QTQ iBQM HiQi? i Q7 i?2 BMTmi ~mtX AM i?Bb bm#b2+iB
Q7 i?2 7mM/ K2Mi Hb Q7 BMi2;  iBM; bT?2 2 # b2/ XM “2H i2/ i

6B;m 2 jXNB, ;- Kb BHHmbi® iBM; i?2i?2Q°'v Q7 BMi2;" iBM; bT?2"
UV /B iBQM 2t+? M;2 "2H i2/iQ i?2 /IBz2A2 WBAKc/ BZMb2@ 2 b
/IB M+2 Q7 i?2 BMi2; iBM; bT?2°'27Q° M BMTmi~mtc U+V BM+B
i?72 QTiB+ HI#2  +QmTH2/ BMTmi bQm ™ +2X

6B bi- H2i mb +QMbB/2" i?2 " /B iBQM 2t+? M;2 #2ir22M irQ /B
/IBzmb2 r HH b b?QrM BM ipPRKU>2 Q7 6BPRPMi Q/m+2 p "B #H2 -
i?72 2t+? M;2 F+i@r@B+? /2MQi2b i?2 7" +iBQM Q7 2M2 ;vi  Mb7
/IBz2 ' 2MiB KA, iDAL,X h?2 Q 'B;BM H 2tHA; 2 IBbB;@M 27 #yvXBX U

COS 1 COS »
SZ
aBM+2i?22M2 ;vi MBZ2R/MBbi MR2Zos,- r?2RBbi?2" /Bmb

Q7i?2/Bzmb2r HH bT?2 2XFPM2v+ QINOLE /B VBXE b PXQUM #2HQr X

/Fl 2= /A2 UjX9V

8h2+?MB+ H ;mB/2, AMi2;  iBM; aT?2'2 h?2Q v M/ TTHBHT DBQMbX p BH #
H #bT?22 2X+QKfbBi2f bb2ibf7BH2bfk88RfBMi2;  iBM;nbT?2°2ni?2Q vn TThni2+


https://www.labsphere.com/site/assets/files/2551/integrating_sphere_theory_apps_tech_guide.pdf
https://www.labsphere.com/site/assets/files/2551/integrating_sphere_theory_apps_tech_guide.pdf
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4 y4

_ _ 1 _ A _ A .
Fi1 2= /F12—4RZ A2 = = = UjXsv

Az

g?2 ' Rs /12bB;M i2bi?2iQi H "2 Q7i?2/Bzmb2r HHrBi?BMi?2 BM
AM 7 +i- &K BM/B+ i2bi? ii?2 7" +iBQM Q7 ~ /B iBQM 2M2 ;v "2+2
A, 2[m HB#BsX h?Bb i?2Q 2iB+ HHv T Qp2bi? ii?2 BM+B/2Mi "~ /B i
;2 bT°2 / mMB7Q KHv QM i?2 /Bzmb2r HH b K2MiBQM2/ #27Q°2X

g?2M i?2 BM+B/2Mi HB;?i #2 K bi'BF2b i?2 /Bzmb2 r HH- i?2 "2~
+QK2b i?2 /mKKv HB;?2i bQm +2 r?B+? Bb MQ KBHMUIBXWRB}2/ #Vv i?
i?72 ~mt /2MbBiv T2° mMBi bQHBK M ;HH2VXmM®i," dB M+2 7 QK
/IBzmb2 bm 7 +2 rBi?ATBi?BMI7?2 BMi2;" iBM; bT?2 2j]R¥-;Bp2M #v
r?2°2- M/ 2T °2b2Mi i?2 BMTmi ~mt- i?2 iQi H T ' QD2+i2/ bQHB/
T2~2+i M+2 Q7 i?2/Bzmb2r HH- "2bT2+iBp2HvX

L= UjXeV

AM "2 HBiv- i?2 BMi2:" iBM: bT?2°2 Bb MQi M BMi +i bT?2°2 #m
M/ 2tBi TQ ib BMbi2 /X >2°2r2 bbmK2 j22Bi T Q7 k@ 2\B/M T mi
Ac- "2bT2+iBp2HvV b b?QrMBWMhPR2VBM7IBB2Mi ~mt UmMBIi, gV QM i?2
/Bzmb2 r HH Q7 i?2 BMi2; iBM; bT?2X@ B2 f B=p( 2M+ #Ay) EAX U
/2bB:M i2b i?2 7" +iBQM Q7 i?2 "2 bQ7i?2TQ ibX

As Ai Ae .
— 1 "Cf= @1 f) UjXxdv
As
h?2Mr2 + M ;2ii?2iQi HBM+B/2Mi~mt 7i2° BM}MBi2 iBK2b Q7"
BMi2;" iBM; bT?2 2 r?B+? BpX@®p2M #v 1[X U

(1 f)

b3
Pk k=
k=1
aBMAR f)< 1-i?22 "B;2i T i QXE[XMUB+ i2b i? i i?2 mHiIBK i2 ~m
+Q "2bTQM/BM; iQ i?2 2MiB 2 /Bzmb2 r HH bT?2 2 Bb +im HHv ?B
i #2+ mb2 Q7 i?2 +QmMiH2bb "2~2+iBQMb rBi?BM i?2 BMi2;  iBM; |
/B M+2 Q7 i?72 2MiB 2BRRHXNO2 MHAR2 QtT 2bb2]X¥MNXL[X U

_ i .
L= i T @ N UjXNV
q?2°2 1?2 b2+QM/ T “[>XBMBDB[ X1 MBiH2bb M/ Q7i2Mo/I22A2Qd2/ b i?2
KmHIiBTWHBZ AM //BiBQMEBW R+ i2bi? i i?2, BB M Q iBQM H
iQi?2bT?2 2 KmHIBTHB2' M/BMp2'b2Hv T QTQ ' iBQM HiQi?2 /Bk
bT?2BX%RX M R 2X
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_2; "/BM; iQ i?2 bBim iBQM r?2°2 i?2 BMTmi bQm +2 #2 K Bb
QTiB+ H}#2 bb?QrM BMjX UAMMORBIBXH T2 im 2UL VQ7i?2
}#2°-r?B+? [m MiB}2b Bib+ T +BivQ7 HB:?2i +QmTHBM:- Bb M B
2biBK iBQM Q7 i?2 BM+B/2Mi ~mtX h?2 iQi M BbQW@# 22T bZbHhR/
#v 1% XRAX

= (L) UjXRyV

6mM i?2°KQ 2- i?2 2M2 ;v HQbb /m2 iQ i?2 HB;?i X "2~2+il
BMi2 7 +2?2 biQ #2i F2ZMBMiQ +QMbB/2° iBQM r?2M /2i2 KBMB |
i22}#2° +QmMTH2/ BM+B/2M #@R2UT 2bb 2] ¥R/MK[X U

t = LeAr (L )1 R) UjXRRV

q?2 2 "2T 2b2Mib i?2 "2 Q7i?2+Q 2 "2 Q7RI 72NEA2PB2 /-
i?72°2~2+i M+2 (i?2}#2 22 /X

3.4.2 Integrating sphere system employed in this research

M BMi2;" iBM; bT?2°2UPG dyy@dR-Tm +? b2/ 7°QK :QQ+? >Q
Q7 e BM+?r b 2KTHQvV2/ BM i?BBGZb2012?KBM iBD Mb@aBi*? 2
b KTH2b- r?2JXB®B2®rb i?2 T2 QiQb+?2K iB+ /B! Q7KiR2 “2H i2/
BMi2;" iBM; bT?2 2T Q/m+iX

h?Bb BMi2;" iBM; bT?2°2Bb Q' B;BM HHv 7Q  i?2 Tm TQb2 Q7
M/i> MbKBii M+2 K2 bm 2K2MibX gqBi? i?72 BMi2™M Hbm 7 +2 +(
Q ' Q2i?viEBANX Ui?2 p BH #H2 r p2H2M;i? ~ M;2 7Q° K2 bm 2K2M
k8y MK iQ KX8AM //BiBQM-BiBb bT2+B HHv /2bB;M2/iQ 2M #H
QTiB+ H+QmTHBM; iQi?2 HB;?i bQm +2 M/ bTRXRYPRHBXi b b?
bQm +2 + M#2 }#2 +QmTH2/iQ PBMbXBR~2+2BMI mi}#2 QTiB+
WBPYYX "Qi? i?2 "24R2+MBIKBii M+2 "27Q+mbBM; H2Mb ii +?K2Mitk
7 +iQ'v@ HB;M2/ H2Mb r?B+? 2M #H2 i?2 BM+B/2Mi HB;?iiQ #2
r?2°2i?2 /B K2i2° Q7 i?27Q+mb2/ #2 KbTQi QM i?2 b KTH2 TQ"|
10 M;H2 Q7 BM+B/2M+2 Bb /2bB;M2/ 7QP 8?RKB M2 +i KB\ BBKBIXBIM
i?72 °2i"Q@ 2~2+i2/ Q° M2 " bT2+mH ~ "2~2+i2/ ~mt HQbb2bX "v
FMQ# #2ir22M 6b KTH26 M/ 6+QKT "BbQMd6 KQ/2b- i?2 BM+B/2
iQ i?2 "2~2+i M+@PBM T™MM#2 Q B2Mi2/ /B '2+iHv QM 2Bi?2" i?2 b k
Bib pB+BMBiv- "2bT2+iBp2HvX LQi2i? i 7Q  i?2 K2 bm 2K2Mib |
i° MbKBii M+ZBBTHi#2 KbrBi+? FMQ# b?QmH/ #2b2iiQ 6+QKT
BM Q' /2 iQ pQB/HB;?IiH2 F ;2X

€h?2 T?QiQ Q7 PG dyy@dR Bb 7°'QK i?2 Q{+B H # Q+?m 2 Q7RG dyy b2 B2k
ffQTIi " QMB+H #bX+QKfrT@+QMi2MifmTHQ /bfkyROfRyfdyy@ dRndjnd9n"y3eny9c(

9dh?2 b+?2K iB+/B ;" Kb Q7 PG dyy@dR "27 QK i?2 Q{+B HK Mm H UiBiH2, &F
K2i2° AMi2;" iBM; aT?2'2 _2~2+i M+2fh" MbKBii M+2 i +?K2Mi6-K Mm HLQ, J\
.- .02, C Mm ‘v kyRyVvVX


https://optroniclabs.com/wp-content/uploads/2014/10/700-71_73_74_B086_04-13.pdf
https://optroniclabs.com/wp-content/uploads/2014/10/700-71_73_74_B086_04-13.pdf
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6B;m 2 [ XRyV T?QiQ-U#V bB/2 pB2r-U+V iQT pB2r
e@BM+? /B K2i2" BMi2;" iBM; bT?2 2X

M/ U/V 7 QMip
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h?2 BMi2;" iBM; bT?2°2Bb2[mBTT2/rBi? +2 iB}2+@2i2+i M+
Q7 T 20 1TQr/2 r?B+? Bb T +F2/ BM k@BM+? /B K2i2° ?QH
BM+? /B K2i2" +2Mi° H bm2Y@2BQ7 ii?2 +QSil261Bb /2bB;M2/ iQ
+QKTH2i2Hv b2 Hi?2 QT2MBM; Q7 i?2 b KTH2 TQ i rBi?Qmi M\
K#B2MiX h?2 "2~2+2 - M@BIRB?QrM BMEBEBhR2 "2H i2/ "2~2+i M+2
/i "2 HbQ /2'Bp2/ 7°QK i?2 7Q 2K2MiBQM2/ Q{+B H K Mm H C
"2b2 "+2~@&Bb TTHB2/ 7Q° #Qi? 2SB@M22bnMMR2K2Mib Q7 aB*
b KTH2bX

6B;m 2 XRRHQHMI2 "272~2+i M+2 Q7 iRIR6RYAK2A?BjFy MK iQ
d3jXN MK i yXR MK BMi2 p HbVX

h?2/2i BH2/ K2i?Q/QHQ;v M/ 2tT2 'BK2Mi H /I20B,M2 2@ /BM;
bm 2K2Mib # b2/ QM i?2 PG dyy@dR e@BM+? /B K2i2  BMi2;" iB
/m+2/BM *?2eXiB?2 i MbKBii M+2 M/ 2~2+i M+2 K2 bh@aRB2Mib "
“2 T°2b2Mi2/ BM82-T2bT2+iBp2HVX h?2 HB;?2i bQm +2j7Q  i?2 i
"2~2+i M+2 K2 bm 2K2Mib rBi? i?2 BMi2;  iBM; bT?2 2 Bb M t2N
P+2 M PTiB+b- AM+XV r?2°2 i?2 bT2+i° H > MKXBbh?2 QKQRQ8 M}
Q7i?2 >Ss@Kkyyy t2MBWMbIE ™ BMBBIBI X2 /2i BH2/ T Q+2/m 2b +C
bTQM/BM; iQ i?2 i  NMbDEKBA#iMM22 K2 bm 2K2Mib 272 iQ i?2 Q{+I
Q7 PG dyy@dR e@BM+? /B K2i2  BMi2; iBM; bT?2°2-r?2°2d b+
>2°2 r2 bmKK "Bx2 i?2 2KTB B+ H b2[m2M+2 Q7 i?Qb2 d b+ Mb
2°°Q Q7i?2K2 bm 2K2Mib HHRQMBIN h BENXRMKHV i?2 b KTH2
?2QH/2  UrB8XKK /B K2i2  ?2QH2 ii?2 +2Mi2 "V Bb TH +2/iQr “/bi?.
7Q  bi2Tj dX

3h?2 T?QiQ Bb 7°QK i?2 Q{+B H BMbi HH iBQM M/ QT2 iBQM K Mm H Q7 >Ss¢
#H2 i2iiTh,ffQ+2 MQTiB+bX+QKfrT@+QMi2MifmTHQ /bf?Ttkyyy@AMbi HH iBC
AMbi"m+iBQMbXT/7


https://oceanoptics.com/wp-content/uploads/hpx2000-Installation-and-Operation-Instructions.pdf
https://oceanoptics.com/wp-content/uploads/hpx2000-Installation-and-Operation-Instructions.pdf
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6B:m 2 [ XRK2QiQ Q7 >Ss@kyyy ?B;?2@TQr2  t2MQM HB;?i bQ|

ai2T aT2+i mK hQr “/b *QMM2+i2/ "2 K

MQ X M K2 b KTH2A8RSi arBi+?

R aa _2~@ail _2~X a KTX
k &g _2~@ail _2~X *QKTX
] a _2~X *QKTX
9 &G a KTH2 _2~X *QKTX
8 a a KTH2 _2~X a KTX
e an a KTH2 h™ MX *QKTX
d a h> MX *QKTX

h #H2 jXR,?2 2KTB' B+ H b2[m2M+2 Q7 i?2 bT2+i H b+ Mb 7Q  i?2
i° MbKBiijM222+i M+2X h?2 bT2+i° M K2b 272" iQ i?2 Qz+B H K
dyy@dR e@BM+? /B K2i2° BMi2;  iBM; bT?2 2X



CHAPTER 4

Luminescence properties of 6H
f-SIC related to doped impurities

br2? p2 K2MiBQM X/ EM iai22XMBi " Q;2M@BM/m+2//QMQ b BM e>
i?7°22/Bz2'2Mi H iBB«<2XQBm th-B@ +rkirp+ MBP20 ;QM H bBi Blb
Mim> HiQrQM/2 r?2i?2  i?2 +QMi "R#QiBHBWbIIBQM 7 QK i?2 /Q
bi vBM; QM i?2b2 i?°'22 H iiB+2 bBi2b "2 T°'QTQiBQM HiQ i?2/
7@ BAM Qi?2  rQ'/b-r2 "2 +m'BQmb #Qmir?2i?2° Mv ivT2b Q
/IQMQ b BMaQ@mBKTH2b b?Qr MQM@ ™ /B iBp2 #2? pBQ X //BiBQM
HBF2iQ +?2+F i?2 2tBbi2M+2 Q7 i?2 b? HHQr +2Mi2 b Q'B;BM i2
e>T@XBAM i?2} bi T "iQ7 i?Bb9RRTH2]2aQMXY i~ i2?2Qrr2 +?B2p2 i
#Qp2 ;Q Hb #v TAHWKBMHYV biBKmH i2/ HUnK® M262M BI[n22 r?B+7?
? b #22M BMi"Q/m+PXARBM+&2+%i2 Bx2 T®RaBKTH2b 7QHHQr2/ #v
i?72 MmK2 B+ H M Hwvb@IB M Hb2mbBM; +H bbB+ KQ/2HX g2 "2¢
/B iBp2 #2? pBQ" "2; '/BM; iQ i?2 MBi'Q;2M@BM/m+2/ b? HH(
H iiB+2 bBi2b-r?2"2 T iQ7i?2/QMQ°b QM ?2t ;QM HbBi2b "2
i?72 MQM@2[mBHB# BmK + ""B2°b BMbi2 /.®7 “2HQKBBN; iiB QK X
AM //BiBQM-r2 HbQ +QM} 'K i?2 MQM2tBbi2M+2 Q7 #Q QM@ BN\
MQ "2Hhi2GbB;M Hb "2 Q#b2 p2/X b K2MXBR MBRY B RHB2HR /[ i? i
i?72 #Q ' QM@BM/m+2/7 @eBBid& IKBRMWQ/ "2 K BMHv i?2 r2@H@FMC
+2Mi2°b bi vBM; iyX83 20 #Qp2 p H2HEARyX MWK tBEMK2AJ- i?72 2
? b 2tBbi2/i?2 ?2vTQi?2bBb rBi? “2; "/ i.Qd P2 MQ2m #HNG H2p 2BIQ M
e>@aB*r?2°2i?2 b2+QM/ ivT2 Q7 #Q QM@ /QT2/ .« 2TMP2 H2p?Z
KB;?i 2tBbi M/ T "iB+8T228K#BM iBQM br2HHX AMi?2 b2+QM
+? Ti2" UBRAkXr2 +QK#BM2 i?2 i2KT2 im 2@/2T2M/2Mi T?QiQHTr
bm 2K2Mib Q@aBKTH2b iQ;2i?2 rBi? i?2bT@DP Bt FHPbiBQM
"2bmHib “2; "/BM; iQ i?2 H iiB+2 bi'm+im ' 2b Q7 #Q " QM@BM/m+
2tT2°'BK2Mi H "2bmHib M/ +Q "2bTQM/BM; M Hvb2b +QM} K i?:
.@+2Mi2° BM e>@aB*X
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4.1 Shallow centers induced by doped impurities

4.1.1 Overview

bi?2b? HHQri® Tbr?B+? "2 BM/m+2/ #v /QT2/ BKTm BiB2b M/ ?
2[mBHB# BmK + 7@28yBM/es#2 2 bBHvi?2 'K HHv 2KTiB2/iQ +QM/m
KBMBK&HRKYI p H2M+2 # M/ K tBKmK i2H2p i2/i2KT2  im 2b-r?2"2i
Q7 /QMQ" @ ++2TiQ @T B'b "2+QK#BM iBQM + M #2 /2;" /2/ BM i?E
+QM} K i?2 2tBbi2M+2 Q7 i?2b2b? HHQri> Tbh7Q 7m’i?2 BMp2biB
rBi?BM i?2 # M/ ; T Q7 e>@aB*BMi"Q/m+2/ #v MBB® 2NM2/QT Mi- A
H mM+?22/i?2 T?QIiQHMKBM2b+2M+2 K2 bm 2K2Mib QM i?2 L@/QT
EX 7i2°i? i- [m MimK /272+i KQ/2Hr b TTHB2/iQ 2ti® +ii?2 BQM
"2H i2/iQ i?22L@/QT Mi BM/m+2/ /QMQ b r?B+?r2°2 bBi2@/2T2M/
2M2°;B2b “2; /BM; iQ i?2 /QMQ" H2mzBb GIMIiB2t2;BUM2H 2 2 2biBK i
iQ #2 RRY§8 K20- "2bT2+iBp2HvX G 2i2 BQMnbeviit " BH 2z2+i K2 bm 2@
K2Mib QM i?2 L@/QT2/ e>@aB*b KTH2b M/ 2ti® +i2/i?2 BQMBX iB
iQi?2L@BM/m+2/ /QN&; H2g2BBIQM b H 2 /v K2MIBRKXKIKR2/ BM a2+,
PMi?2 Qi?2 2?2 M/- 1pr ¥ TTHB2/i?2°"K H /KBii M+2 bT2+i " Qb+C
i2bi i7ivTI2 "@/QT2/ e>@aB* #mHF b KTH2b-r?2°2 i?2v 2biBK i2
2M2':B2b Q7 "@BM/m+2/ b? HHQr ++2TiQ EHRIpR\HbjRYBMY r2 2 #
j83y K20 +Q "2bTQM/BMj i®k?DBi2b- "2bT2+iBp2HvX LQi2 i? ii?2
H2p2Hb BM/m+2/ #ve'8@ /QTABRMyQM/ i?2 b+QT2 Q7 i?Bb "2b2 "+7?-r7?:
/22T +2Mi2 b rBi? + Tim 2/ MM @2 [HKBHEB M BIMAKH2 iQ #2 BQMBx2/
i _hX b K2MiBQM2/jBRhaB+Bb iBK2@2{+B2Mi M/ TQr2 7mH i2+?
2ti° +ii?2 BM7Q 'K iBQM Q7 b? HHQr +2Mi2 b BM b2KB+QM/m+iQ
b MBM/B 2+irB/2# M/ ; Tb2KB+QM/m+iQ -aB*? b7 B'Hv ?B;?
T?QiQMb rBi?BM pBbB#H2 bT2+i'mK ~ M;2 ?2M+2 Bi Bb +QMbB/2"
+?2 0 +i2 ' BxSHXQM(# M M/ amHK3BK MQR'i2/i?2 haG K2 bm 2K2Mik
QM iN®ivT2 e>@aB* +'vbi HX h?2v 7QmM/ MBi"Q;2M@BM/m+2/ b
e i T/m BM; i?2 haG T°Q+2bbX G ii2 - b2p2e &) 202 i2/2@miTmitk
i?72 haGNivT2 e>@aB*r2°2 + K2 QmiX >Qr2p2 -i?2 e>@aB* b KT
BMi?2b2 "2b2 "+?22br2°2 MQ'K HHv ;"QrM #v +?22bQM T Q+2bb r?z
HQr@ +QKT2BDb2iR2-/2MbBiv ~ iBQ #2ir22M i?2 2z2+iBp2 /QMQ b M
Bb 7 " #2vQM/ Q" #2HQr mMBiv- + mbBM; i?2 p2'v rB/2 haG ;HQr +i
+°vbi H[m HBiv 6 QK Ev?Q/ Bb Km+? #2ii2° +QKT “2/iQ i?2 +QMp2
;7 Qri? T"TQ+2bb Q7 aB*- M/ Bi? b#22M "2TQ i2/i? ihaG Bb MQi QN
iQbim/vb? HHQri®” Tb#mi HbQ b2MbBiBp2 T'Q#2 7@JIX?22z2+iB
++Q /BM;Hv- haG i2+?MB[m2 Bb MiB+BT i2/iQ "2p2 HbQK2 M2r E
iQi?2/QT2/ BKTm Bi@2BBN2 ¢2i BHb Q7 i?2 2tT2'BK2Mi Hb2imT Q°
K2 bm 2K2Mi TTHB2/BM i?Bb "2b2 "+? ? p2 #2PMWMRXKRRRK2BBkXk2/ BM ¢
lp2 e¥@aBKTH2b r2°2 2KTHQvVv2/ BMBXRES @IRXj-+M/ aL@kfjfo-

r?2°2i?2 2bb2MiB HT ~ K2i2°'b Q7 i?2b2 bXTgR2bB2/72Q iDTH# X

RAX aX :Q # M M/ JX amH2BK MQp- aQpX &?RPp8 @RaNe8B/Xai i2
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i?2 HQr2bi TQbbB#H2 i2KT2  im 2 BM+°2 b2 i2/m BM; i?2 haG
iQ 2M #H2i?2 2 Hi2KT2 im 2Q7i?2b KTH2iQ bvM+? QMBx2 r
h?2 " i2 QRy EKBMr b TTHB2/7Q b KTH2 aS@Rfj] M/ R8@kfjr?2
E KBMrb TTHB2/7Q b KTH2 aL@9X

4.1.2 Modelling TSL process by Halperin-Braner’s method

6B;m 2 9XR, M/ ; T/B ;" KQ7 b2KB+QM/m+iQ " + vbi Hr?B+? +Q
e i TTBM; +2NMN"bMhJ i° TTBM; +2Mii2Xb U

AM i?Bb "2b2 “+?-i?2 }iiBM; Q7 i?2 haG ;HQr+m p2br b # b2/ C
haG T°Q+2bb /2p2HQT2/ #v > HBAYMBMW N2pH2 HEBRM( i?2 BM~m2M+2
i?72irQ 7 +iQ°b "2; "/IBM; iQ i?2 bvKK2i'vQ7i?2 haG ;HQr +m ' p2
TBM; T'Q# #BHBiB2b M/ kV ~ iBQ #2ir22M i?2 +? ;2/i TTBM;
"2+QK#BM iBQM +2Mi2 - Bi Bb TQbbB#H2 iQ ;Bp2 T'2+Bb2 2biBK
Q7 b? HHQr i T#v TTHVBM; > HT2'BM@"" M2 0b KQ/2HX 6B bi
b2p2° H/Bb+ 2i2HI@+ HBX2/2 /Bbi'B#mi2/ rBi?BMN, MbBT® G2i
M i2i?2/2MbBiy Q7 T?2#22HQr +QM/m+iBQM # M/ KBMBKmMK rBi? i?
2M2 ;VEQM™MM; /2bB;M i2i?2 /2MbIBiv Q7 i#Qp2 p H2M+2 # M/ K tB
KmK rBi? i?72 BQMBx iBEEM 2 MI2Q;"MQB7/N 6B X 2/ QM i?2 KQ/2HHBN
T2 bT2+iBp2-?2"2r2 // bQK2/2i BHbr?B+? bmTTH2K2Mi i?2 #°
T°'BM+BTH2 Q7 haG K2MiBXWRX/RBWMBaMn#P2+22t+Bi iBXQBMgrBi?

X X¥bBM;s@ vbQm +2V- Bd Bb2#2ZHBRD27'iZ2/ i7" QK i?2p H2M+2
Q 7°QK i?2 HmMKBM2b+2M+2 +2Mi2" iQ i?2 +QM/m+iBQM # M/ 7C
im TT2/iQi?2 i TTBM;X2Mi2?2 K2 M'IBK2#2BM; i TT2/ ii?2
?PQH2 " TTBMMj+Mi22[mB BHM;H? i1kT- i?2 /2MbBiveQBM 2
+QM/m+iBQM # M/} BIMiPH2M+2 # M/ + M #2 +QMbB/2 2/ M2;HB;
iQi?2 + B2 b #2BM; i° TT2/ ii?2 +Q "2bTQM/BM; i° TTBM; +2
;201?22 2H2K2Mi v +? 7;2 M2mi® HBiv +QM/8X&RQM b b?QrM BM 1

X X
ny = m; U9XRYV

n= m U9 XkV
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g?2'@2 Mm; /2bB;M i2i?2 MmMK#2' jQRRAER2+ITRMBI? i?72 BQMBX iBC
2M2°,EQE; Q++mTB2/ #v 2H2+i'QMb M/ ?QH2b- "2bT2+iBp2HvX b
+'vbi H#2BM; ?2 i2/ mT-i?2i TTBM; +2Mi2 b K v ;2ii?2 K HHv 2K
H2 b2/ + ""B2°brBHH 2Bi?2 #2 "2@i- TT2/ Q" "2+QK#BM2rBi? i?2 -
bB;M ii?2 "2+QK#BM iBQM +2Mi2 b-r?2"2i?2 /B iBp2 T i Q7 i’
+QMbB/2 2/ bi?2i?2 K HHv biBKmH i2/ HmMKBM2b+2M+2X >2"2 r2
K /2 #v > HT2iBK8R i? € Bb i?2 K DQ ™ + ""B2" #2BM; i?2 'K HHv "2
LQi2i? ii?Bb bbmKTIiBQM }ibr2HH iQ i?2 @B/ T2M /B @@BI*@7
aBM+2 i?2b? HHQr H2p2Hb BM/m+2/ &y "@/QBHH PWBe2 @a2B*(YrBi?
“2bT2+iiQ p H2M+2 # M/ K tBKmKV +QKT “2/iQ i?2 2M2 ;v H2p2H|
/IQTBM; UrBi? "2bT2+iiQ +QM/m+iBQM # M/ KBRIBKMXN2 BIMBr+ iBNM
L@BM/m+2/ i Th ? p2 ?B;?2 +? M+2 iQ #2 i?2°K HHW""2H2 b2/ i?
#2BM; i  TT2/ QM i?2 "@BM/me2? H2IMK2HIH-2T Rmd+iBp2 K bb +QKT °
ich" X JQbiHv-i?2 K2 bm 2/ haG ;HQ@+aB¥P2HR7+e>Mi BMb QMHvV QN
K DQ' ;HQr T2 Fr?B+? rBHH #2 BMi'Q/m+2/ H ii2°- ?22M+2 Bi Bb ":
i?72 KQ/2H r?B+? MQr +QMbBbib Q7 QMHv QM2 i TTEM; +2Mi2" U
/2MbBNW, M/ QM2 "2+QK#BM iBQMWYMIiZd A2/2MERBVIR;H2+i2/ Qi?2°
i TTBM; +2Mi2 b r?B+? K v T'Q# #Hv 2tBbi BM "2 HBiv M/ +QmH/
K vMQi 2H i2iQi?2 haG T Q+2bb-i?2 Hi2 2/ + B2 b M2mi~ HBI\
1[X9KXki F2b 2KT? bBb QM i?2 # H M+2 Q7 i?2 /2MbBivp "B iBQM Q
M/ i?22 +? *;2/ "2+QK#BM iBQM +92Mdi QM2 AN B30 n(t)

M/ m=mg m() rBifg Mimg #2BM; i?2 /12MbBiB2b Q7 i?2 +? *;2/ i T
+2Mi2° M/ +? ;2] "2+QK#BM iBQM +2Mi2° ii?2 BMBiB H bi ;2- "2
TQHHQTr a2B M8ey r?2 2 i?2v TTHB2/i?2 am#KQ/2H AA Q7 > HT2 L
K2i?QB-X2%2 i?2 K HHv e2H#2BM/ ~ Bb2/ /B ' 2+iHv iQ i?2 +QM/m+iBC(
7Q i?72haG ;HQr +m ' p2b }iiBM; Q7 e>@aB*X h?2°2 "2irQ +QMbB/2
#2 ?B;?HB;?i2/ 7Q" i?2 KQ/2HHBM;X 6B bi- Bi Bb #2HB2p2/i? ii?:
i?72°K HHv "2HZ2BM; "2@i  TT2/ #vi?2 M2B;?#Q BM;i° Tbh Bb [mBi:
i?Bb bBim iBQMr b M2;H2+i2/ BM i?2 KQ/2HHBM ;X agMIM/-i?2 7"
r?B+? "2T°2b2Mib i?2 /2MbBiv Q7 i?2 i?2°K HHv +iBp i2/ + ""B2°b
+2bb- Bb M2;HB;B#H2 i h4k8 E Ui?2 BMBiB H i2KT2BMX2X 7Q  ha
Teu¥iX >2M+2 r2 7TQHHQr i?2 KQ/B}+ iBQM BN 2 Wv?2 R hMw

?2 p2 T '2b2i i?2 /IBz2n2MIBtHxQ7Q i i?2 BMBiIB H bi ;2X LQr i?2 KQ
am#KQ/2H AA Q7 > HT2'BM@"> M2 06b K2i?Q0XM #2 T 2b2Mi2/ BM

/
n/Et) — n(t)S(T)exp kb—_l_ + [ N n(t)] nc(t)An(T)
!
w: n(t)S(T)exp kbiT N nO)]ne(®An(T)  ne()m(t)Am(T) UgXjVv
Im(t)

= Ne()mOAR(T)
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q?2 Z=Tgukit rBi? #2BM; i?2 i2KT2  im 2 BM+ 2 bR!VX2 UmM!
br2? p2 TTHB2/ BMi2Mb2 2t+Bi iBQM mbBMW,@ @ KTHQm b2 QM
/2b+ B#2/ BM jaR&B2R BY +QMbB/2°2/i? ii?2i  TTBM; +2Mi2 b rBi
+iBp2 H v2'b #2M2 i? i?2 bm 7 +2 Q7 i?2 b KTH2% ‘8o XmHHv +
/IBiBQMAKHMAL, 20?2+ Tim 2 T Q# #BHBDb! V@V BWMhtK
QM i?2 i  TTBM; +2Mi2° M/i?2 ‘2+QK#BM iBQM +2Mi2 - "2bT2+i
An MAn b b?QrM BMAPX U

An(T)= hpel n

. 2 Uuoaxov
An(T)= hmni m (Tewvsh)

q?22°2, M/ pn 2T 2b2Mi i?2 + Tim 2 + Qbb BFx+{B/QiM 2Uim M B, -
TBM; +2Mi2° M/ "2+QK#BM iBQM +2Mi2 - "2bBB+iRp2HV-br?2":
iI2KT2 im2@/2T2M/2MiX b Kii2> Q7 7 +i- 7Q° 2Bi?2 i?2 i
+QK#BM iBQM +2Mi2eR?RQMt BBIQM( B2  2KBbbBQM +Q2{+B2M
BQMBx iBQM 2M2 ;v- M/ i?2 Q B;BM HTigugimMV 2¢2 ZX0 b 2ok2b+2 B HWM
1[ X AKBX

| |

LI . S ! u9x8V
en;m kbln (10)T g rq:m n;m

log

0?2 Bym - Enpm - M/3, /2bB;M i2 i?2 2KBbbBQM " i2- BQMBX i
M/ i?72 Q'B;BM H + Tim 2 +TQhiR B2+ BB #QK#BM iBQM +2Mi?2
"2bT2+iBp2Hy- B/ i2KT2" im"2@BM/2T2M/2Mi T ~ K2i2° QMHyv
+ B2 2z2+iBp2K bb M/i?22 MmK#2 Q7 i?2 +JW/ X +i BRM# B/ K
BMi"Q/m+2 H ii2° BXIREh) #iIw2+2XM 2 ;v H2p2Hb Q7 i?2 i TT/BaM; +2 M|
aBb KTH2b "2 +QM} ' K2/iQ #2i?2 MBi'Q;2M@ BNM@hB22 rQBI€? H:
Bb [mBi2 b? HHQrX *QMbB/2'BM; i? ii?2 2H2+i"QM 7°22x2@Qm

M;2 #2BM; KQbi T QK@ MRIMi+@QMT "2/ iQ i?2 irQ +m#B+ bBi2b-
;2 =0 BM 1[XXB7Q " i?22 i° TTBM; +2M3B i M2/ b i2KT2® im 2@
BM/2T2M/2MiX PM i?2 Qi?2° ? M/- Bi=Rb HQRHIR2p2+QK#BM iBQ
+2Mi2° M/Bb i'2 i2/ b #2BM; T'QTQXBRM H iiQ2° bbmKTiBQM
/12°Bp2/ 7°QK MBRBEM?2 2 i?2v TTHB2/i?Bb "2H iBQM 7Q" i?2 2
i72 BQMBx iBQM 2M2 ;B2b Q7 i?2 "2+QK#BM iBQM +2Mi2 b BM/n
PPN@/BQ/2/m B®akR2 bm 2K2MiXhg22)i22MQi2bi?2 K2 Mi?2 'K H
P2HQ+Biv UmMMBI@FIQh* X h?2 2tT 2bhBQM @7M #2 2T 2b2Mi2/
#v 1[XOKe b b?QrM #2HQrX m QMM F2bB;M i2 i?2 2z2+iBp2 K bb
e Mh'*-"2bT2+iBp2Hv-r?B+? "2 H'2 /v KIMiBQM2/ BM h #X

q___
Nihe (i = 3kpT=mg, UugXxeV

aBM+2 i?2 pmimM\2/Q@? p2 MQ BM~m2M+2 QM i?2 HBM2 b? T2 Q7 |
haG ;HQr +m p2-i? i BbiQb v-i?2 2ti° +iBQM Q7 i?2 BQMBX iBQ
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i TBb BM/2T 2/ QMiXQF2M+2 migk=5i 10° +K3 M/, =6 10 13
+R 7Q bBKTHB+BivX AM //BiBQM-BXBX 2IMQMbvi? 2+TQQ# #BHBIiv
Q7i?2 °2@i  TTBM; T'Q+2bb r?B+? + MOKEX2tT 2bb2/ #v 1[X U
!
(kpT)? E
e P iGT

L2ti- #v ;BpBM;XPQU [XM- QM2 + M b g Z#LBKTH2K2MiBM; i?2
7QHHQIBM; T ° K2i2 b, RVi?2 + TiW Q#I DO 2BDHKBBM UBQM +2Mi?2
TewgikV i?2 Q' B:BM H/2MUBAV?2iBQTIUBM; +2Mi2  iQ i?2 "2+QK#BM i
i2 ' BX2Xno=mgc jV i?2 BQMBxX iBQM 2M2 ;v Q7 22X 6BMBMH¥2MWi2 U
bBKmMH i2/ haG ;HQr +m p2 + M #2 “2T 2b2MNTP+ BKh({itP2tKQ K Q7

p

s(T)=2" 6 *2m, n UuoaXxdv

4.1.3 “Fingerprints” of doped impurities revealed by TSL glow
curves

6B;m 2 9Xk,ivTB+ H haG +m 'p2 rBi? M BbQH i2/ ;HQr T2 F K "F2/
2bb2MiB HT °~ K2ig=hM?2I12,=T, TgX AM /[//BiBQM-i?2 " iBQ #2ir22
i?72 "2 iQi?2 "Bg?MQT7?2iQi H "2 mM/2 i?2 ;HQr +m pX Bb /2MQi:

a KTH2bh aS@)] aL@k aL@)] aL@?9
UEbIV|] yXRee yXRe8 yXRe9 yXkR9
T, UEV ekXRk eyX89 e9XRk eeXN3
T, UEV | djXRy dRXkR deXj8 dNXk8
T, UEV | e3XRd eeXd9 dyXed djXxk9

UEV 9XNj 9X9d 8Xe3 eXyR
w UEV RyXN3 RyXed RkXkk RkXkd
. yX98 yX9R yX93 yX8R

h #H42 9XB,” K2i2 b 2ti® +i2/ 7°QK i?2 K2 bm 2/ haG ;HQr +m ' p2 Q7
TH2X >272bB;M i2b i?2 i2KT2  im 2 BM+ 2 b2 " i2X h?2 BKTHB+
T K2i2’b BM+HmM/2/ BM i?2 i #bR 272" iQ 6B;X

h?2 MQ K HBx2/ haG :HQr +m p2b Q7 b KTH2 aS@j- aL@kfjf9 "2 |
THQib Q7 U ViQ WX BM BB, XS@R r?B+? B®ivH2 DMTH2- i?22°2
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Bb MQ haG BMi2MbBiv bB;M H rBi?BM i?2 rBRMZ QKKK EinQ 2 ~ |
jyy EX h?Bb Bb bi'QM; BM/B+ iBQM i? i i?72 haG ;HQr T2 Fb Q1
b KTH2b 2t+2Ti aS@R 2 MQi Q ' B;BM i2/ 7°'QK i?2 i TTBM; +21I
Q7 i?2# M/ ; T-i?2 iBbiQb v-i?2b2 i Th ToOMJI2/2Q8pRIfiX QPR
T K2i2 b 2ti° +i2/ 7' QK i?2 "2bmHib Q7 i?2 haG K2 bm 2K2Mib
h #9XRh?2 BKTHB+ iBQMb Q7 HH T+ MK22Z2D 2RI 2
ivTB+ HBbQH i2/ haG ;HQr +m p2 K "F2/rBi? i?2 2bb2MiB H BM/
h #9XR2 + M b22i?6ig22 Q7 HH7Qm BXRXHZ2b-"2BMi?2" M;2
7°QK NEIQ RjE-BM/B+ iBM; i?7Qb2 b KTH2b "28[mB?2i7H0?@ +C
iQb v-i? 10?22 /Bz2 2MN2 #NIN2BW MQi bB;MB}+ MiX h?Bb Q#b?Z
; 722b r2HH rBIiPG@2AK2 bm 2K2Mi/ i b?QrMXBRr2h24#i®2 ° iBQb
Ng=Na Q7 HH i?2b2 b KTH2b "2 rBi?BMyXRiQ RyX q? i6b KQ 2-i7
reB+? BM+Hm/2b HH T2 FTQbBIiBQMb Q7 i?2b2 b KTH2b bi"QM;|
i TTBM; "2H i2/iQi?2b? HHQrL@BM/m+2//QMQ" 82ppPHb QM i
r?2°2i?2 }iiBM; "2bmHib "2; "/BM; iQ i?72 K BM ;HQr T2 Fb Q7 i?
/IBb+mbb2/H i2° X PMi?2Qi?2 ? M/-QM2bB/2 ;HQr T2 FrBi? 2t}
"QmMM/ RRYEIQRky EBb Q#b2 p2/ 7' QK aL@jf2X R¥Q7PBM; iQ >
#Q /T2 F+ M #2 /2°'Bp2/ 7' QK i?2 L@BM/m+2/ /QMQ" H2p2HDb
i?72 BQMBx iBQM 2M2°;B2b "QmM/ R9y K20X >2M+2 BM aL@f9-
bK HH TQiBQM Q7 i?2 /QMQ b QM +m#B+ bBi2b +QmH/ +QMi B:
i°m TTBM;b Qi?2°S?2 2 QK#BM iBQMX LQ K HHv- ;HQr T2 F rBi?
R38E Q#b2 p2/ 7' QK e>@aB*b KTH2 BM/B+ i2b i?2 2tBbi2M+2 Q
b? HHQr ++2TiQEHRIMPHKDPoVEBBeyej-eIX b r2 ? p2 +QM+2 M2/
#Qmi r?2i?2° i?72 HmKBMmMK@/QT Mi ? b #22M mMBMi2MiBQM
;TQri? XB*+Q/BM; iQ i?2 K2 bm 2/ haG ;HQr +m ' p2b BM Qm*
#2 +QM+HmM/2/ i? i i?2°2 Bb MQ 2K "F #H2 BM+HmMmbBQM "2H i2
BM Qm 7é&raBKTH2bX AM //BiBQM- i?2 2tBbi2M+2 Q7 i?2 #Q°Q
++2TiQ b UIETB33HKI2Z0OV +QmH/ #2 "2~2+i2/ #v ;HQr T2 FrBi? |
jyy E{8egX _2; "/BM; Qm  haG K2 bm 2K2Mi "2bmHib- Bi Bb +QN
Bb MQ T'QKBM2Mi BMpQHp2K2Mi Q7 #Q " QM@BM/ m+¥ 23 bBR*HHQr
b KTH2bX AM //BiBQM- &XR2M BM2i2#XQmM/ BM HH 7Qm’ b K
BM/B+ iBM; i? i i?2 haG T 7(r2b BPWEQM/b iQ #BKQH2g¥iH ~ FB
h?Bb #BKQH2+mH “ FBM2iB+b BKTHB2b i? i V2@ ahi®2 hla2@1 + 2 /2
+iBp2i2KT2 im™ 2" M;2U TT QtBK i2Hv 8y EiQ Ryy EV + MMQi
bBM;H2 2tTQM2MiB H/2+ v KQ/2HX AMbi2 /-i?2 + B2  /vM KB
2tTH BM2/ #v TTHVBM; "2+[m2 2HOb A2 IHDHRBW PHrBir?2" 2
p 2Ui? iébr?vBiBb+ HH2/ #BKQH2+mH ~ FBM2iB+bVX

4.1.4 Nitrogen-induced shallow trapping center

h?2 2z2+iBp2 T ibQ7i?2 ;HQrT2 Fbhb?QrM BM i?20KkRb52ib Q7 U
MmK2 B+ HHv }ii2/ #v TTHVBM; i?2 KQ/B}2/ > HT2'BM@"  M2'6
BM am#RRXk?2 bBKmH iBQMb r2°2 2t2+mi2/ #v mbBM; aBKmHBM
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r?22°2i?22 KQ/B}2/ _Qb2M# e+BK2p? ® #H2 bi2Tr b BKTH2K2Mi2/X
i2KT2 im* 2 M;27Q  i?2 bBKmH iBQM Q7 aS@j M/ aL@kr b k8 E
i72° M;2 Q7 K8 EiQkyyEr bb2i7Q aL@jfoX

h?2 " 2bmHib Q7 i?2}iiBM; b?QrM BMHZVARTWMW/ QF 62, K2 bm 2/
“HQr +m p2b BM U V iQ U/V- "2bT2+B®paAR2X2 Bl U#B I QIBOE; X+ ?
#2ir22M i?2 K2 BK®H i2/ ;HQr T2 Fb ii?2 "BbBM; T "ib-i?Bb Bb T
iQi?22MM}MBDb?2/ T?QiQHMKBM2b OXMBMI)RHEML #2;BMMBM; Q7
i72 22 iBM; T°'Q+2bbX MQi?2  KBbK i+?2r b Q#b2 p2/®M 2Bi?2° U
i {272 /2b+2M/BM; T i Q7 i?2 ;HQr T2 FX h?2 “2H i2/ 2 bQM Bb
am#b®¥RX] bK HH KQmMi Q7 L@BM/m+2/ /QMQ b i i?2 +m#B+ b
BM i€2i° TTBM; T'Q+2bb 7Q KBM; #Q / #mi "2H iBp2Hv HQr BMi
*QmM/ RRy EiQ Rky EX AM i?Bb "2bT2+i- i?2 K BM ;HQr T2 Fb Q7
MQi bi*B+iHv BbQH i2/X

S " K2iz2b asS@j aL@k aL@j aL@9

E UK20V Ryj RyR N3 RyR
B ng=mg V RXy3 RXRYy RXyy RXyy
m U PR/ 10 10 1.0 10 40 10 40 1016

h #H2 9XkKaG T ° K2i2 b Q#i BM2/ #v i?2 }iiBM; Q7 i?2 :HQr +m p2
KQ/B}2/ > HT2'BM@" M2 6b KQ/2HX

h?°22 }iiBM; T ° K2-i2=bndgmy M/ ,V 7Q i?2 bBKmH i2/ haG ;HQr
T2 FbQ7i?2b27Qm b KTH2b "2 Xk Kb B2x2/MBW2I2 #X i 1?2 }ii2/
BQMBx iBQM 2M2 ;B2b Q7 i?2 MBi'Q;2M@BM/m+2/ b? HHQr /QMQ"
HH 7Qm b KTH2b "2 HKQbi B/2MiB+ RyyK2® i;?22b HBIiZ Q772
QM2 "2TQ i2/ #2iIABX/X h?2 2ti° +i2/ /2MbB#2ir2BR®bi?2 +? *;2/
i TTBM; +2idV2 " MNi?22 +? ;2] "2+QK#BM mMBWO M w2?2MBR'BiB H bi ;2
7Q° HH b KTH2b "2 7Q0mM/ iQ #2 +HQb2 iQ mMBivX h?Bb "2bmHi
b?QrM BM 6A: 9 @QHX 2nAX A2 bT2+B}+- BM i?2 bBim iBQM Q7 i?2 b
HKQbi i7Q Qm;?HN 2trRBiBMi?2 HB;?i bQm +2 +iBp2 Hv2 - i?2
#2ir22MM/ 4y Bb T 272" #H2 iQ #2 /2b+ B#2/ #v +m dR@RBM 6A: 9 Q7
i2M/BM; iQ mMBiv rBHBSX ng@2+ M b22 i? i aS@)] M/ aL@k b? "2 i’
b K2, bi?Qb2irQb KTH2br2'2 ;"QrM BM i?2b K2 # i+? M/ bQ "2
JfOX AM7 +i-/m " BM; i?2 }iiBM; rQ F-r27QmM/IriPmHP22BM212hb2 Q7
i?72 rB/iMMUQ7 i?72 + H+mH i2/ ;HQr T2 FX h?Bb ?2vTQi?2bBb Bb bQ
#v 272 "BM; i?2 IBiM/h §XKkM/ i?2 K2 bm BM h §XR?2°2 i?2
2tTHB+Bi "2H iBQM MawrBPBMHH M22/b 7m i?2° BMp2biB; iBQMX LQ
2M2 ;vH2p2H Q7 i?2 haG@+Q "2H i2/ 2+Q&BuM i B M m RIN M Q QW Xe
6mM i?2  rQ ' F b?QmH/ #2 7Q+mb2/ QM i?2 K2 bm 2K2Mi Q7 i?2 bT2-
M/ mbBM; /Bz2 2Mi 2t+Bi iBQM bQm ™ +2b rBi? bm#@# M/@; T T?C
TmKTBM; BM Q /2  iQ 2ti° +ii?2 BM7Q K iBQM Q7 i?2 haG@ +iBp2
BM er>@ £B8)*X

h?2 + H+rmH i2/ /2MbBiB2b Q7 i?2 +? *;2/ 2w QiK#BM iIBR/M +2Mi
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6B:m 2 9XJ,V@U/V, i?2 MQ K HBx2/ haG ;HQr +m p2b UrBi? HBM
aS@j- aL@kfjf9- "2bT2+iBp2HVX U2V@U?V, i?2}iiBM: "2bmHib +
T "ib Q7 i?2 ;HQr +m p2b T 2b2Mi2/ BM i?2 BMb2ib Q7 U V@U/V-
2Q°BXQMi H/ b?2/ HBM2 b?QrM BM 2 +? K BM THQi Q7 U ViQ U
Q7 i?2/2i2+i2/ haG BMi2MbBivX
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6B;m 2 9X@BKmH i2/ /2MbBiB2b Q7 i?2 +? *;2/ "2mQK#BM iBQM +
+? ;200 MW UM/ 1?22 7722 +? “;2ngV "BBR b2UiQ i?2 haG ;HQr +m p2kb
}iiBM; Q7 b KTH2 U V aS@j- U#V aL@k- U+V aL@j M/ U/V aL@9X L
i?72i2KT2 im2BMU ViQU/V "2B/2MiB+ HrBi?92Qb2 Q7 U2V iQ

i° TV M/i?227°22 +? “: 2V 2Bi2 BiB/ 7°QK i?2 haG bBKmH iBQMb 7
7Q0m b KTH2b "2 /2TBXQ@4BM BIBIX2 i? ii?2m HM2EQBM iQ

/2pB i2 BM b KTH2 aS@j M/ aL@k i 2H2p i2/ i2KT2 ihQ2b bBM+2
i7Qb2 irQ b KTH2b "2 MQi 2[m HiQ mMBivX h?2 /2MbBiv Q7 i?2 +?
+2MimVUp BH #H2 7Q  haG ;2M2" iBQM 7Q  2Bi?2 aS@j Q aL@k ?
i 122 mTT2 #Q°/2° Q7 i?2haG@ +iBp2 i2KT2" im* 2" M;2X ii?2hb
TQBMi- ?2Qr2p2'-i?2/2MbBivQ7i?2 +?2n\.2/ b #RR2BIMQ MRIMi2+U2 b2/
#V QM2 Q/2° Q7 K ;MBim/2 M/ Bib /2+ 2 b2 "~ i2 2 b #2+ K2 Km+? &
i72 UV M/ U#VOQXO GRMGH2 Bi + M #2 T 2/B+i2/i? i i?2°2 biBHH 2tB
KQmMi Q7 +? “:2/i° TTBM; +2Mi2 b r?B+? rBHH biBHH #2 #H2 iQ E
i 2H2p i2/ i2KT2 im 2b BM aS@j Q  aL@kX AM //BiBSQM- b i?2 7
BM+'2 b2b rBi? i?2 i2KT2 Dt UiP22i1[IXTBM; +2Mi2 b ? pBM; #22M
K HHv 2KTiB2/ biBHH ? p2 MQM@M2:HB:B#H2 T Q# #BHBiB2b iQ
+ °B2'bX PMi?2 Qi?2° ? M/miMhpA2ZAZBE@MiB+ HBMb KTH2 aL@
rBi?BM i?2 haG@ +iBp2 i2KT2  im 2  M;2 M/ #Qi? ? p2 #2+QK2 M2
pi2/i2KT2  im 2bX h?2°27Q 2 Km+? HQr2 T Q# #BHBiB2b Q7 +
2iiBM; "2@i° TT2/ + M #2 T 2/B+i2/ BM aL@jf9 +QKT “2/iQ b KTH.
h?2 2pB/2M+2bi? ibmTTQ iQm  bbmKTiBOKE B+ 852Q@Dni®M2 BM 6|
MQ K HBEBMi2MbBiB2b Q7 b KTH2 aL@kfjf9 i h4k38 E Ui?2 T2 F B
SGbT2+i'mK Q7 aS@j ii?2 b K2 i2KT2  im 2 7? b #22M +QKT ° #H2
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MQBb2VX h?2 “2H i2/ 2tT2 BK2Mi H BZKET bhmQ 2 KZ2MidH 222 b iG
a2+4XX AM @B:8?2 T2 F TQbBiBQM Q7 aL@k Bb 7QmM/ iQ #2 ~2/
iQ aL@jf9- BM/B+ iBM; H2bb TQ iBQM Q7 $? HHK#BM (B Q M2BM
aL@kX h?Bb ;°22b r2HH rBi? i?2 #Qp2 K2MiBQM2/i?2Q 2iB+ H
TQ iBQM Q7 b? HHQr /QMQ b BM aL@k biBHH +i b i?2i TTBM
i2KT2 im 2b +QKT "2/iQ aL@jf9X

6B;m 2 9X82 F TQbBiBQEMBbQ2+?2 Q7 b KTH2 aL@kfjf9 i h4k38

Hi?Qm;? i?72°2 2tBbib bK HH /Bz2 2B +2QW?Rb2 7 @m2b &KTH?2
br2? p2 bbmK2/i?2 B/BWiB?2HbBKmH iBQMb- i?2 /2pB iBQMb
[m2M+v 7 SYQ2U2+i2/ #v i?2 /IBzE 2MM2th2QW2;HB;B#H2X h?Bb K
i? 11?2 K HHv +iBp i2/+ ""B2'b QM i?BX*xQRW M+2AB@M BMbYV BM
b KTH2b ? p2 i?2 +QKT ~ #H2 T Q# #BHBiB2b iQ #2 "2@i" TT2/ #
+2Mi2°b i 1?2 b K2 i2KT2 im ' 2bX PM i?2 Qi?2° ? M/- Bi Bb +H2
i?72p HMZbrQZ 2, aL@9 = alL@j ma8l@jki i?72 b K2 i2KT2" im 2 H2p
>2°2-12+ M+QM+HmM/BiBNPB+?2b i?72 ?B;?2° +? M+2 Q7 BM/m+B
"2+QK#BMBRERDRR UWaG T Q+2bbV rBi? i?72 b K2 T'Q# #BHBiv Q7 #
6B;XXe?Qrb i?2 " r 2tT2'BK2Mi HhaG ;HQr +m p2b Q7 HH 7Qm" |
i? 1i?72 +QKT 'BbQM Q7 #bQHmMi2 ?2B;?ib Q7 i?2 ;HQr T2 Fb +Q"
Qm™ + H+mkEK i2/

4.2 |dentification of double /-center in 6H f-SiC

421 Overview

AML@" +Q@/QT2/ el @2BH 2 /v FMQri? i i?2 T2QMQMN "2THB+ |
"2+QK#BM BOQMbB2 i?72 #°Q / 2KBbbBQ BSOBMK KXR9 20V M/
6g>J UMRYLI0120]k-8R- r?2 2 L@/QT Mi BMi"Q/m+2b i? 22 b? HHC
2Hb QM irQ [m kB-@\VmMB/+QM2 22t h@ M HiB+2 bBi2b M/ "@/QT
BMi“Q/m+2b i?2 /22T +BXRi@+BHMPXH6Q 2@aB*h- 2Qr2p2°-
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6B;m 2 9X%ea,G ;HQr +m p2b Q7 HH b KTH2b rBi? #bQHmMi2 HBM2 "
i?72?2Q°'BxQMi H/ b?2/ HBM2 BM/B+ i2b i?72 x2 ' Q H2p2H Q7 i?2 /2i2

"2b2 "+222WEP p2 Q#b2 p2/i? i Bib2KBbbBQM bT2+i ' mK +QMi BMb
T2 FrBifa2 F 640MK M/ i?22Q B;BM Q7 i?Bb 2ti° 2KBbbBQM Bb biBHH
2biBM;Hv- M 2ti° "2+QK#BH UBIQHR DA 2 Ni2 'V ? b #22M Q#b2 ' p2
7°QK i82QiQHmMKBM2b+2M+2@/2i2+i2/ 1H2+i QMBS @K\EM2iB+ 2|
K2 bm 2K2Mi QM "@/QT2/e>@aB* M/ 7Qnm@H2® i dDbQH_E@2 B2 ?
+2Mi2° Bb #2HB2p2/iQ bi vQMi? 22 /Bz2 2Mi H iiB@&ZbBiQbbBM e > (
r2°22ti’ +i2/ 7°QKi?Z3R2®@ 1iIR2 bm 2K2Mi "2bmHibX JQ 2Qp2°- "2b2
HbQ bm;;2bi2/i? ii?2 HQr@ 2 MRGpT 2 tNITFMEKMQi? 2?2 "@/QT2/ e>@ ak
KB;?i #2 bbQ+B i2/DPBI?A®M22 X AM i?Bb b2+iBQM- #Vv@+PB* +i2 BxI
pB i?2 i2KT2' im2Q@3BHZR42NDib+QTv- M2r #Q QM@BM/m+2/ ++2
U?2°'2 +HK@2¥2Mi2°V Bb B/2MiB}2/ r?B+? Bb 7QmM/@Q 2Mi222T2" i-
M/ +Q "2bTQM/ IR i22QK#BM iBQM T ' Q+2bb /QKBM iBM; i HQr i2
rBi? T2 FT?QiQM 2M2 ;v "QmM/ RXNy 20X g2 T QTQb2 i?2 H iiB+2
D @+2Mi2. @HM2Mi2  UiQ;2i?2 r2 + HH i?@K 2M 2 Qoriw#H2bmKK "Bx @
BM; i?2 T 2pBQ@ab BM+BFHHbiBQMb "2bmHib "2; "/BM; aB* H iiB+:
JQ ' 2Qp2'-i?2/2MbBiB2b Q7 i?2 #Q QM@&BBVK MH-28 +2 2QIKQT b BM
#vi FBM; i?2B° /QTBM; +QM/BiBQMb BMiQ +QMbB/2 BIBEXMX //Bil
>ak +2Mi2°- Bb bbmK2/ iQ 2tBbi M/ bi v #2ir22M i?2 2M2 ;v H2p:
. @+2Mi2°b BM @QuB¥FH2bX 6BM HHv- KQ/2H *2; “/BM; irQ@bi ;
BQMBx iBQM Q7 ?QH2 /"Bp2M #v i?2 >ak +2Mi2° Bb T°QTQb2/iQ 2
i'2M/b +Q "2bTQM/BGBMQ MI2BiB ZaBM iIQTH2b, i?72 ' K H[m2M+?BM;
7QT@ivT2 M/ +QMiBMnmM@mT 2BbR Q@ IQRi? ii?2 "2b2 "+? "2bmHib T 2b
i?7Bb b2+iBQM "2 /2dBRE2/ 7 QK (

h?2 b KTH2b 2KTHQV2/ BM i?Bb "2b2 “+? "2 aS@kfj M/ aL@RX
b2imT "2H i2/iQ i?2 i2KT2 inSGK@/BM2MH2Mib 27 2XKiQ?22 + X
BM7Q K iBQM “2H i2/iQ i?2 + vbiSB+?2Qriwi2MBx A4BQMb Q7 i?2 i? 2
b KTH2b "2 b?Qre@MR%Xbb2MiB HT?vbB+ HT QT2 iB2b Q7 i?2b2
2720 iQ RXeKI/ 6BKX Ky
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a KTH2 aS@k as@j aL@R
Lo T'2bbm™2 UK# "V y XR yXk8 yXd8
T Qri? C i2KIX2V N k Ne Ny

. Xd3 yXNN RXj9
J tXSGBMi2MbBFv WX mlvné/bvdi 48 BV U i kNy EV

h #H2 9Xj" bB+ BM7Q 'K iBQM +Q "2bTQM/BM; iQ i?2S€ vbi H ;°
+? " +i2°Bx iBQMb Q7 7TRaB KIHE» X

4.2.2 Origins of double /-centers and hole trap HS2

6B;®XdVM/9XB?Qr i?72 MQ K HBx2/ i2KT2  iRCGB®Ii2MbBi2MIT2+i"
Q7 i?2i?°22 b KTH2bX AiBbBMimBiBp2 iQ +QMbB/ZX i2®@i?2 2
+QK#BM iBQM +? MM2Hb BM HHb KTH2b rBi? QM2 Q7 i?2K #2B|
+? MM2H i HQr2 i2KT2 im ' 2br?BH2i?2 Qi?2" ;> /m HHv #2+QK
M iBQM +? MM2H i "BbBM; i2KT2" im 2bX AiBb HbQ Q#pBQmb i
+? MM2Hb ? p2 +QKT ~ #H2 +QMICGB#F@2+B'Q MibBilQi2?R2/B i2 i2KT2
im 2bX BB2KBbbBOQM T2 F "QmM/ RX3IN@RXNR 20. 8§ B#mi2/ |
"2+QK#BM iBQM T Q+2bb BM/B+ i2b M 2ti° #QDQ®& ®@BW 2mW 2/
[22T2" i? M.i@22Mi2° X [//IBiBQM HHv- Bi Bb #24PBRIR2/+iMihi? 2
QM /Bz2'2Mi H iiB+2 bBi2b #v +QMbB/2'BM; i?2 MQM@bKQQi? H
~ MFb Q7 BBKBhHP2+i" - r?2°2 i?2 bmT2 TQbBiBQM Q7 /Bz2 2Mi
+Q "2bTQM/BM; 2QQK#BM iBQMDr&I#?24M22°b QM /Bz2 2Mi H iiB+
Bb 2tT2+i2/X JQ 2Qp2 - Bi Bb Q@pRE@mML Bbi iZ2TQMbB#H2 7Q°
"2+QK#BM iBQM i 2H2p i2/ i2KT3G2HKW B BEIM iP2 F "QmM/ kKXRYy
20X

*m > "2MiHv- i?2 H iiB+2 ;2QK2i ' @2BQI2# MI?P@2A2Mi2" ? p2 MQi
#22M /B 2+iHv /2i2 "' KBM2/ pB 2tT2'BK2Mi H TT Q +?- #2bB/2b-
.@+2Mi2° Bb biBHHe ekettiBI M@ brioM i2Hv- K Moj diRKPpibf22M
K/2QMi?2i?2Q°2iB+ HT 2/B+iBQM Q7 i?2 KQH2@m&HMi 2 QaW}; m
MmMbBIMbi@ T BM+BFHRBEbIiBQMbX AiBbrQ i?viQ MQi2i? ii?2i?2Q"
T QT2 iB2@®ZMi2° + M #2 TTHB2/ iQ HH i?°22 +QKBEO2K TQHV
i*@ 9>@ M/ e>@aB*- b i?2 2H2+i " QMB+-+BMM+itnb BRT72IP2M/2M
i?72b2 TQHvViIVT2bX AM i?2 2 "HVORId|)27Q2b\2/ i®#?2 bl(iiB+2 ;2QK2i
+QK#BMBM; "@ iQK QM aR/@BnP#H iTB@RMUPp" + WBH&2XpgY 0-
+QKTH2t- KB;?i #2 i?2@+BMERI Q@B i?72Q 2iB+ H TT Q +?X G i2°
i?72 7Q°2K2MiBQM2/ ?2vTQi?2bBb r b @p2iH-M22 %y i7? 2B
BMB#BQO*mH iBQM "2bmHib BM/B+ i2 i2s¥ @M2 v+ p2 HQQ#2IRX N 2¢
#Qp2i?2p H2ZM+2 # MEKVIBBXEXK RIXN 20- K2 MBM; i?2 KQ 2/QMQ
#2? pBQ  7Q  i?Bb bi'm+im 224 "B RBRKW2/i?/B M Hi2 "M iBp2 H i
;2QK2i'v +QK#BMBM; aB@bm#H iiB+2 Q++mTB2/ #v "@ iQK r
MiBbBiZXBXRBiR2,5 aB+QKTH2t- +QmH/ bi M/ 7Q  i?2 2H2+i"QMB
.@+2Mi2 ' BM9>@aB*X AMi /HBABQM2MIiBE)M2/i? ii?2 #Qp2@K2]
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6B;m 2 9Xd) K HEXGEMi2MbBiv bT2+i" i/Bz2 2Mii2KT2 im 2" M;
UV dS@RN8 E 7Q b KTH2 aS@kc U#V d8@k88 E 7Q56 KTH2 aS¢
BMi2MbBiB2b #Qp2 RN8 E 7Q° aS@k M/ #Qp2 k88 E 7Q " aS@j |
K#B2Mi MQBb2 H2p2HX h?2 BMb2ib b?Qr i?2 i2KT2  im 2@/2T2M,
i22SGbT2+i° Q72 +? b KTH2X
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6B;m 2 9X3Q K HBX@BMi2MbBiv bT2+i° Q7 aL@R rBi?BM d8 E iQ
i?72i2KT2 im 2@/2T2M/2Mi T2 F B8GhZRMbiBiBZbaQ @iR X

TQi2MiB HH iiB+2 ;2K2NMi2 Q¥ M QMHvV bbQ+B i2 rBi? +m#B+ b
#2 HB;M2/ T > HH#EHtBDiRP2B+? "2bmHi BM M BN 20Xp2H (
am T°'BbBM;Hv- i?Bb i?72Q°2iB+ HHv T '2/B+i2/ ++2TiQ H2p2H
++2Ti2/ p HmM2 #v 2tT2 BK2Mi BB XERY KB3B BXMPM i?2 Qi?2"°
? M/- "Q+FbR2/i@® T 2/B+i2/i? ii?2 H iiB+2 ;2QK2i'vBM j*@aB"
Q7 "@ iIQK Q++mTvBM; *@bm#H?2BH2ZBY?#Q BM; :s@BMBOBI2 U
i?72 YY*g+tQKTH2t- + M BM/m+2 M EMR2y XAdH2pXHQ@QMb2[m2MiHv-
ii"B#mi2 igg2 4B +QKTH2t M/*j5iQ i?2@+2Mi2° N/ @R2Mi2" -
"2bT2+iBp2HvX J2 Mr?BH2- r2DH@®@®2MIRMbBI242i22mBp H2Mi rBi
T 2pBQmbHvV KROBIBDWI2/ /2i2 BIQ@HAK2i? QX h?2°2 2 i?2°22
+? ° +i2 'BbiBPb@¥2M22° i? i 2 [mBi2 bBKBH°@Q 2MJ P 2XQ&Bi A2 -
D @+2Mi2° Bb +Q "2HG2KBQLB®M rBi? HQr2"  T?QiQM 2M27;B2b
.@+2Mi2°X a2+QM/- Bi Bb #2HB2p2/ i? i i?72 HmMKBMRb@2M+2 "
+2Mi2° Bb bBi2@/2T2M/2Mi- b i?2CHBM2A b7 QRBNMDI 2@ 22Mi2°
"2H i2/S "2+QK#BM iBQM T Q+2bb "2 H2bb bKQQU3IXi?h?B /- Bi
i?D°@+2Mi2° HbQ ? b tB H bv@KtBibvD H Qi EH,BEFR22iMP2° /Q2bX h?2
T°QTQb2/H iiB+2;2QBR2@B2MQ@7 i?p2 #22M b?QrEBNPE "2 Q7 6B
i?72 "2H i2/ +QKTH2t +QmH/ bi v QM2 BIi™?2Mm & Btk [{PKL,2H BIM e > @
aB*X GBF2rBb2-i?2 TQbbB#H2 H iLiBdH2MIQKBINMB2@aBi?22 T 2b
BM U#V QITXBNB%X 2 i?2 "2H i2/ +QKTH2t + Mbi vQMZ2BiKg2 Q7 i?2
kz2V BM e>@aB*X AM //BiBQM-i?2 7 +ii? ii?2 T D/B®+2/MR2" ;v
#2BM; ?B;?2° i? Mi? @®ZM?P2° HbQ ;22br2HH rBi? i23 T 2pBQ
dd QM i?2 H iiB+2 bi'm+im 2 Q7 aB*-r?2°2i?2 ++2TiQ H2p2H r|
bbQ+B i2/ kBa?2QmH/ #2 /22T2° +QKT "2/iQi?2 H iiB+22QK2i'v
h?2i2KT2 im 2@/2T28ER2MiZINbBiB Zb@aQdBX FR2b "2 b?QrM BM
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6B;m 2 9XN,jiB+2 bi'm+im 2 7@ Y2¥EB2XX2UKXdy 20V- r?B+? Bb bbQ+B
i2/ rBi? *@bm#H iiB+2 Q++mTBMZN #@ OGMAQM M/BOBI2 U*
2Bi?2° +m#B+ Q  ?2t ;QM H@®B2REA#XEP20V- r?B+? Bb bbQ+B i2
rBi? aB@bm#H iiB+2 Q++maBM2#vidQ h@BW B+Q MV QB RBI2 2 aB

ki Qko U+m#B+V bBi2c 1Bi?2° Q7 i?2 T ' 2b2Mi2/ KQH2+mH *~ KQ/2H
Kk jmMBi +2HHbX L@ iQKb r?B+? "2TH +2 i?2 *@ iQKb QM HH +m#
"2 HbQ K "F2/X h?2 bi'm+im 2b ~2IR0PHRHMM2/XBM i?2

i?72BMb2ib@QXVddB)X3?2°2BiBb Q#pBQmb iQ } M/ i2CBMI2 MibBiHB@ b2
Q7 #QN@ivT2 b KTH2b UaS@kfjV /2+°2 b2 rBi? BM+"2 bBM; i2KT2"
MmTiBH RNy E- i@BMWiIi2AMbBiv Q7 iIMRIFNTDMKTH2 aL@R /" QTb iQ HK
? H7Q7BibQ°'B;BM Hp Hm2 U id8 EV i?2M BM+"2 b2b +QMiBMmMQ
i? M RNy EX Ai Bb +QMbB/2 2/ i? i M 2ti° ?QH2®@ i@ A2MiIR+? BKT:
“2H i2/S "2+QK#BM iBQM Bb '2bTQMbB#H2 7Q" i?2 +SXMbBbi2Mi i
BMi2MbBiv F22Tb /" QTTBM; rBi?BM d8 E mT iQ RNy E 7Q° HH i? -
+2Mi2° rBi? i?2 2M2 Ey W22 HIGBb T Q# #H2 + M/B/ i2 Q7 i?Bb ?
i TX aBM+2 i?27Q K iBQM Q7 >ak QMHvV "2[mB " 2b + "#QM /BbTH +
"2H i2/ 7Q°K iBQM 2M2 ;v Bb [mBi2 HQr- >ak Bb #2HB2p2/ iQ #2 i?
BM ad)fX AM //BiBQM- 2p2 b+Q2W p2/i? i BM 9>@aB* i?2 /2MbE
i?2 >ak +2Mi2  bi "ibiQ/2+ 2 b2 #v TTHVBM; ?B;? 2M2 ;v 2H2+i"°Q
F20V- i?Bb BM/B+ i2b >ak Bb p + MBX@®BMIMMHAIBIB B'K BQ" i?2
H iiB+2 ;2QK2i'v Q7 >ak r?B+? b?QmH/ #2 "2H i2/iQ + "#QM BM
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Bi Bb KQbi HBF2Hv iQ #2 i?2 aB@* Q  *@* ImK##2HH@HBF2 iC
BMi2 biBiB HV r?B+? BHOM BBM24i BHIMOQM 1?2 +B X2%Mosb B i 2 -

Q" Pramo U6aSo 272 b iQ bTHBIiV- "2bT2+iBp2HvX Ai Bb rQ i?v
*bTﬁlOOi M/ TJTJHIB)Oi \Z[mB\Z i?2 HQerI 7Q\K |BQM 2M2‘,82b ‘2, “IH2
ivT3@- i?72v "2 i?2 /QKBM Mi + "#QM BMi2 biBiB Hb BM aB*X P
H iiB+2 ;2QK2i'v Q7 BadeRIMitZn-Y0o- +QKTH2t- Bb b? QIMFBM 6B ; X
F22°2 MQi?2 TQbbB#H2 :2QK2i Wi2dd YD VOr>MK:QQ#i BM2/ #v

“2TH +BM:i?2 BMi2 biBEH 22 BN *biBiBXHIBRBPQAM AB2pBQm
.GhaK2 bm 2K2Mi "2bmHip QM2 B*GrM i? i i?2 bB;M H 2T 2b2Mi
.@+2Mi2° Qp2 ' H Tb rBi? i? i Q7 i?2 >ak +2Mi2 - BM/B+ iBM; i?
HBF2HV iQ T "iB+BT i2.B0W2i2QN #3524 QK#BM iBQMX

6B;m 2 9XBYiiB+2 ;2QK2i'vQ7i?2 ?BHy@Ej Zo\akr@B+? +QMbBbi
+ "#QM bTHBIi BMiRebi@iBi™M2* rBi? + "#QM p WXMPR2T62b2Mi2/
KQH2+mH ~KQ/2H Q7 e>@kaBMBQM2HHBHIXKk mMMBi +2HH Q7 e>@a
Bb K "F2/ Qmi bbQ+B i2/rBi? i?2 +Q "2bTQM/BM; bi +FBM; b2[n
T 2b2Mi2/ BERAPRH M2X

LQi2i? i Bi Bb HbQ TQBER#MZQ K i®2 i?2 H iiB+2 bi m+im 2b
. @+2Mi2D @A2Mi2° /m BM; i?2 bm#HBK iBQM ;" Qri?X hQ #2 T 2.
i? i L@ iQKb M/ "@ iQKb rQmH/ +QKT2i2 7Q  i?2 *@bBi2 /m BM
bi?2 *@bBi2 Bb T°272 2/ #v i?2 L@/QT Mi QM i?2 aB@7 +2 Q7
#2 Q++mTB2/ #v i?2 "@/QT Mi b r2HH-r?2°2i?2 "@IDBMi + M
i72 K2 MiBK2X >2M+2 i?2 H iiB4R r2BH#2Bly QM2 Q7 i?2 +QKTQM:
i?72. @+2Mi2° +QKTH2t- Bb KQ 2 T'Q# #H2 iQ #2 7Q K2/ rBi? ?B
L@/QT MiX AM //BiBQM-i?2 ivTB+ Hi2KT2' i@ aBQ@nv.Q" i?2 ;
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6a:SK2i?QBX2KeyyiQ kyy'y rBHH + mb2 i?2 aBf* " iBQ iQ #2 “QmM.
jr?B+? Bb Q#pBQmbHvV i?2 =B XBPMHQMMEPROM(M/- Bi Bb T 2/B +1
#v # BMBHBII MH 3BQMbQM2 Q7 i?2 +QKT@M2Mil Q7QBXIHKR t -
i?72 aB@ MiBWBi2 W&B:?2° 7Q K iBQM ™MaQ# TH2B&IBH vnBM2 " aB@ B+
+QM/BiBQMX hQ bmKK "Bx2-r2 T'QTQb2 +QMi @v%2MM2i?Q72MbB
i72i?2°22 b KTH2b, aS@R = aS@j = aS@k- r?B+? Bb /2'Bp2/ 7°QK
+QM/BiBQM Q7@aBKePH2b b?2QrM BM{h6#ER i?2 BMb2i®X@7 6B ;X
M/9X%3r2 + M b22 i? $SEGBMi2MbBiv Q7 aL@R b?Qrb bmbi BM #H2 ;°
RNy E rBi? i?2 #QQL@BNMMQ@7 213 i2+QK#BM iBQMX AM //BiBQM-
i2KT2  im 2 r?25GBMi2MbBiB2b Q7 aS@k #2BM; "2/m+2/iQ K#B2
URNS8 EV Bb HQr2" +QKT "2/ iQ i?2 bBim iBQM Q7 aS@j Uk88 EV-
i?72 12 F2@+2Mi2° "2H i2/ HMKBM2b+2M+2 BM aS@k +QKT “2/iQ a¢
+ m+B Hi? i [mMBi2 /Bz2 2M+2 #2ir22M i?2 +QM+2Mi  iBQMb Q7 i
"@/QT Mi b?QmH/ #2 K BMi BM2/ BM Q /2" iQ 7Q K@?*2Mi2{XB2Mi
b7Q i?2 7Q KDB@M2®I72° /m BM; i?Z7 @ QBFBB &2  pBa:i® 2
K2i?2Q/- T 2pB @MIBHBIG mH3IB@MMHib "2; /BM; i?2 H iiB+2 bi m+ir
T@ivT2 j*@aB* 2 b b?2QrM i? i i?2 7Q K.dBRQXRND HQOQZ %? M
i? i Q7-XBG i2°-i?2 /Bz2 2M+2 2; /BM; i?2 7Q:K iBQIM aBI2 ;v Q7
Bb T 2/B+i2/iQ #2 M@iMNHA2 j"B@RB*§m i?2 KQ 2- Bi Bb HbQ i?2Q 2i
T 2/B+323/(? i /Im BM; i?2 ;@ WDQZ 9>@aB* rBi*? BW R8Vyy
i?72"@ iQKb "2BM+HBM2/iQr /b Q++mWVvBIM2* @b M#QH+ HiB F2BM ;
aB@bm#H d/B+BAR"27Q 2 Bi Bb "2 bQM #H2 iQ /2/m+2i? i Bi Bb p2°
+QMbB/2° #H2 KQINMI+@Mi22 2H i2/ +QYKI¥ BtMJ2 B/i @B *
b KTH2bX h?2 "2H i2/ 2pB/2M+2b + M #2 7 QMM BMIP2BMb2ib Q7
i?2 bi"QM; HMKBM2b +2MD2 @2 2MBM ;/ (PRBM i2¥QK#BM iBQM + M
#2 7QmM/ BM THBHaKTH 2 b X

4.2.3 HS2-involved two-step thermal ionization

6Q i?72 M HvbBb Q7@ABIKTRA2b06 i2KT2" im2@/2T2M/2Mi HmKBM2b
2°iB2b-i?2 /Bz2°2M+2b “2; "/BM; i?2 /2MbBI@2BMKX M ; M72>8Em#H
+2Mi2° Q72 +?b KTH27r2 2i?2 F2v Q#D2+i XM ENK pBxiBh iilBQMX €
2tiT +i2/ 1?2 i12KT2 im 2@/2TQGBRVAMKIEZBMB2b rBi?BM irQ °~ M;2b Q
T?QiQM 2M2(2KX88@RXe8 20 M/ kXk8@kXj8 20- "2bT2+iBp2Hv 7Q
+ Mb22i? ii?2 2KBbbBQM rBi?BMi?2  MXRTRX88@RXB8 HosrBM
+QMi'B#mD2@#tw2Mi2® 28 i2+QK#BM iBQM.r@BR®Mi22/QKBM i2/

.S "2+QK#BM iBQM ? b i?2 K DQ™ +QMi ' B#miBQM iQ i?2 2KBbbBQ
kXk8@kXj8 20X @XQIKREB7XQSiGHZI2+i- Q7HaQwvA2 b KTH2b-r2 + M
b22 i?SIGBMi2MbBiB2b ii?2 HQr@2M2 ;v ~ MFb /2+°2 b2 rBi? i?72 "E
>2°2- i 2H2p i2/i2KT2 im 2b-i?2 MQM@2[mMBHB¥ @mXMAQH2b + T
+QmH/ #2 i?2 K HHv +iBp i2/iQi?2 >ak +2Mi2  rBi? bm{+B2Mi i?2"
rOmH/ /B 2+iHv + mb2 i?72 MQM@2[mBHB# BmK ?2QH2b iQ #2 KQ 2
i?72 >ak +2Mi2° M/ H2bb HBF2ZHV@i Q2Mi2 -4 i?R " @iH?2Mi2° "2H i2/
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6B;m 2 9XRR2 "~"?2MBmb THQib r?B+? bmKK "Bx2 i?2 p2° ;2/
BMi2MbBiB2b rBi?BM i?2 2KBii2/ T?QiQM 2M2 ;v Q7 U V RX88@HF
7Q° HHi? 22 b KTH2bX

HmKBM2b+2M+2 BMi2MbBiv rBHH #2 r2 F2M2/ ++Q /BM;HVX PM
reB+? TQBMib iQ i?2 2M2 ;v H2p2H QX Rk 2@ iBR GZE)XRK2M (
iBQM2/i?2°K HT ' Q+2bbX JQ 2Qp2 -7Q b KTH2 aL@R-BiBb Q¢#
i2M/2M+v "2; T/IB@+i2NMi2° "2H i2/ HmMKBM2b+2M+2 rBi?BM i?2 ; 2
"2;BQM ? b+ mb2/i?2 2KBbbBQM i i?2 HQr 2M2 ;v ~ MF iQ biQ-
i?72i2KT2 im 2 F22Tbh BM+2 bBM;- 7m’i?2 i?2°K H +iBp iBQMN
i?72 MOQM@2[mBHB# BmK ?QH2bi" TT2/ ii?2 >ak +2Mi2" ;2ii?2 +
i?72 @+2Mi2° X MQi?2°/ b?2/;°22M T"Qr TQBMiBMR +QM?P2 2K 2" ;1
/[2TB+i2/ BRXEBKIXBM/B+ i2@*2Mi2° "2H i2/i?2°K H +iBp iBQM T
Bb 2 bQM #H2iQ /2/m+2i? ii?2i TT2/?QH2b ;2i?B;?2  +? M+
pi2/iQi?@+2Mi2°b B7 i?2 /2MDB2MQZ iBR ?B;?2 X br2? p2 +QN
i?7 i KQ.20+2Mi2 b ? p2 #22M 7Q K2/ BM aL@R /m " BM; i?2 + vbi
iQi?2QiI?2T@QT7T@aB?Bb +QmH/ 2tTH BM r?vi?2 /QKBM iBM; Hm
~_hr?B+? Bb TQr2 2/ @+i2i2° 218 i2+QK#BM iBQM- Bb Km+? bi’
BMaL@R i? M BM i?Z@ivT2 br®@ TH2b X

AM Q' /2 iQ ? p2 +H2 " TB+im'2 “2; "/BM; I j?D2R2QHIN bB QM
"2H i2/S T2+QK#BM iBQM T Q+2bb2b z2+i2/ #vi?2 >ak@BMpQH
BQMBx iBQM-r2 7m’i?2" H mM+?2/i?2 MmK2 B+ H }iiBM; QM i?
SGbT2+i° 7Q° HH i?°22 b KTH2b iQ 2ti° +ii?2 KTHBim/2b M/ H
#Qi?S T ' Q+2bb2bX hQ #2 +QM+"2i2-r2? p2 TTHB2/ 70m @T"
i B#miBQMb 7mM+iBQMXIX2I@ W BM MR K HBx2/ i2KT2" im2@/2
SGbT2+i° Q7 2 +? b KTH2X h?2 "2 bQM i? ir2 /B/ MQi TTHv i?2
/IBbi'B#miBQM BX¥aKmBEEMM /Bbi " B#miBQMYV Bb #2+ mb2 Q7 i?2
#mMiBQM QBi?2+QK#BM iBQM BM/m+2/ HmKBM2b+2M+2 BMi2MbB
T?2QIQM 2M2° ;v Q  r p2H2M;i?X b r2 ? p2 K2MiBRIM & BN a2m # b 2 -
"2H i2/ ++2TiQ b KB;?i#2 bBi2@/2T2M/2Mi BM ebxdlaB3- ?2M+2 |
"272°biQ i?2 MQi iBQMb ®REYr M?BHR2 IJK2WU MQ K H /Bbi"B#miBQM
THB2/ 7Q 9?2+QK#BM iBQM "2; DB@+2®iiZhak,QM k, bBi2bX
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6B;m 2 9XRW,M HviB+ HbF2i+? b?QrBM; i?2 2@H2MIiRQuM BDH iQ@Mm#H
.S "2+QK#BM iBQM /"Bp2M #v >ak +2Mi2° "2H i2/i° TTBM; M/ i?2°
?QH2bX h?2 BMb2i THQibSGh MQIK BWBx2L@R "2+Q°/2/ i d8 E M
KNy E- b2T " i2Hv-r?2'2 2 +?2 bT2+i mK TQBMib iQ i?72 T?QiQ Q7 i
+ Tim 2/ i i?2 "2bT2+iBp2 i2KT2® BWGC2Z+Bi BBIQM22 h?2 irQ ;°22M

/ b?2/ "Qrb BM/B+ i2i?2i?2°K HBQMBx iBQM T ' Q+2bb2b Q7 i?2
i 2H2p i2/i2KT2" im 2bX

AM //BiBQM-i?2 KTHBIim/2A;-MBQR A2n22M-2Ti }t2/ /m BM; i?2
SGbT2+i" }iiBM; 7Q° 2 +? b KTH2 iQ 2Mbm Di2@ +HPBM2'b2H 2B/Q7 i
HMKBM2b+2M+2 bT2+i° F22T mM+? M;2/X ++Q /BM; iQ i?2 i2KT:
KBM2b+2M+2 Q' B;BM. @#ZMIK i?28 i2+QK#BM iBQM- bBM;H2 T?
Ui?2 7QmBX2X4V bF2r MQ 'K H /Bbi'B#miBQMr b TTHB2/X b b?2QrN
Q7 6BXRk?BGCGbT2+i mK i kNy E "2T 2h20MHBMi2i?22Q KBM i2/
"2+QK#BM iBQM "2;BK2 + M #2 i"2 i2/ b T2'72+i bBM;H2 bF2r N
+m p2X

" #( " #)
XA (E )? a(E_ i)

I Mo (E) = ﬁgzjexp —%7 1+ erf Hé— Uoaxsi3v
P ' :

h?2 "2bmHib Q7 i?2 MmK2 B+ H}iiBMGhQ24+72 MQ@BMHBRH @T? b
bF2r MQ'K H /Bbi ' B#miBQMb 7TmM+iBRRIXRD? Q8@ Biy- 6BbX 2+ @
iBp2Hv- M/ i?2 "2bmHib "2H i2/iQ aL @ R 9XRBK KFX@ kiB/MB;M 6 B ; X
Q7 aS@k b?QrMRRIj@B:XM b22 i? i i?2 "2H iBp2 BM@MWMIiA Q7 i?2
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6B:m 2 9XRBQM @T? b2 bF2r MQ 'K H /Bbi'B#miBQMb }iiBM; Q
i2KT2 im 2@/2BBMT2Mi° Q7 aS@kX

"2H i2/ HMKBM2b+2M+2 F22Tbh BM+"2 bBM) mM@BR Ry EXH Q@2 p
T Q+2bb2b K F2 MQ /BbiBM+i /IBz2 ' 2M+2b 7i2° Rky EX PM i?2 (
2Mi iQ b22 i? ii?2 "2H iBp2 BM@MDBiB2b QM ii2Z HmMKBM2b+2M+
M/ aL@R ? p2 2t+22/2/i?Qb2 Q7 i?2 HMKBM2bB 2@ +2Mbd'Q BB i2
b?QrM BMIKEBI® aS@] MOBEEX aL@RX h?2 "2 bQ@+2Mi2D
"2H i2/S "2;BK2 biBHH + MMQi #2+QK2 /QKBM i2/ BM aS@k Bb
.@+2Mi2° /2MbBiv +QKT "2/ iQ aS@j M/ aL @ RO Xk nt xQ/ BM a
i?72 HBKBi2/ +QM+2Mi. @B-QMiQ7BMaS@k- Bib+ T +Biv Q7 + Tim
2[mBHBH" BRBK?2" /B 2+iHV 7°'QK p H2M+2 # M/ K tBKmK Q" BM/I
i?72°K HBQMBxXx iBQM T 'Q+2bb /'Bp2M #v i?2 >ak +2Mi2" Bb i?Qm
h?2 ""?2MBmb THQib bDQRWMEKNK 6B xR i?72 i2KT2 im2@/2T21I
BMi2;" i2/ HmMKBM2b+2M+2 BMi2MbBiB2b Q' B;BM i2/ 7" QK i?2 il
"2;BK2bX h?2 /i TQBMib T'2b2Mi2/ BM i?2 };m 2 r2°'2 +QHH2+
BM7Q K iBQM "2; "/BM; iQi?2HBM2b? T2b M/i?2 2H @p2 KT
+2Mi2°b "2H i2/ HmMKBM2b+2M+2 bT2+i" rBSTGBMI KdbBnB2b @FQF
i?7°22b KTH2bX Ai+ M #2 b22M i@i+HM?D M2ZHi 722/ T Q+2bb BM a¥
#2+ K2 /QKBM i2/ i 2H2p i2/ i2KT2  im 2b- Bib #bQHmi2 BMi2l
*QKT '2/iQ i?2 bBim iBOM Q7 aL@R b?QKWRBIMBI® Brv:+2bQZ/6B ;X
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6B:m 2 9XRBQM @T? b2 bF2r MQ K H /Bbi'B#miBQMb }iiBM; Q7
i2KT2  im 2@/2BBMT2Mi° Q7 aS@jX

H2bb /2MbBiv@+#¥2iM22° BM aS@j +QmH/ "2bmHi BM i?2 HBKBi2/ + T
i?72i?2°'K HHv HfBp @K i?2 >ak +2Mi2 X _2; "/IBM;iQi?2 /22T H2p2F
7Q 1?2 /B iBp2 "2+QK#BRXiXKQM@BMN MB2-- Bib + Tim 2 T "Q# #BHE
i?72 MQM@2[mMBHB®R BIHK 7 QK i?22p H2M+2 # M/BBET/MTI@iBQM H i
i?72+ b+ /2+ Tim 2T Q+2bb bbBbi2/ ¢k¥34dRMBPB27TQRMDMDHIB2p2
i?7 1i?72#QQKBM; Q7 i?2 " /B iBp2 "2+QK#BM iBQM BM aL@R Bb #2-
T Q# #BHBiv Q7 + Tim 'BM; i?2'MQ Q@ 2P BHAB# BWiR™ ~ i?2° i? M

7°QKi?2p H2M+2 # M/ K tBKmKX 7m’i?2° bbmKT@BQM i2QdrbH / # 2
+ Tim 2T Q# #BHBiv Q7 i?2 i?R KR 'IQHKvi?RiBakiz2Mi2  KB;?i BM+"2
rBi? Bib BM+ 2 bBM; /2MbBivX >Qr2p2 - i?2 bvbi2K iB+ i?72Q 2iB-
"2b2 "+? rQ°F Bb biBHH M22/2/iQ bim/v i?2 i?2°K H BBQMBx iBQM
rBi?BM i?2 i2°M v bvbi2K BM+H@BRMi22b/ QMiARP2 >ak 2QH2 i° TX
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6B;m 2 9XRBOQM @T? b2 bF2r MQ 'K H /Bbi'B#miBQMb }iiBM; Q
i2KT2 im 2@/2%BMT2Mi- Q7 aL@RX
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U VaS@k

U#WMS @]

U+Y¥L@R

6B:m 2 9XRe,?2MBmb THQib Q7 i?2 BMi2;  i2/ #bQHmi2 HMKBM2]
+Q "2bTQM/BM;i@i®2Mi2 b 2H 24QK#BM iBQM T Q+2bb2b 7Q U
U#V aS@j M/ U+V aL@RX h?2 HBM2 b? T2b M/ i?2 "2H iBp2 KTHE
HMKBM2b+2M+2 bT2+i° '2/2°Bp2/ 7 QK i?2 }iiBEGHZBmiNib Q7 i?2
Q7 HHi? 22 b KTH2b bmKEBXBR2X B 6B ;X



4.3 Summary 63

4.3 Summary

AM aBdR2 ? p2 H mM+?2/ i?2 haG K2 bm TEK 2 M2be@ MBI @
RfjV M/ iM@ivT2 e®@aBaL@kfjfo9Vv rBi?BM d8 E iQ jyy EX aBM+2
r2°2 Q#b2° p2/ QM HH b KTH2b Z@+H2TRiRP 2EMHRS@ R- i?72 b? HHQT
i TTBM; +2Mi2°b "2H i2/iQ i?2 haG ;HQr T2 Fb Q#b2 p2/ 7" QK C
HQ+ i2 ii?2 mTT2  ? H7 Q7 i?2 # M/ ; T M/ 2 BM/m+2/ #v MB
+QKT "BM; i?2 haG ;HQr +m ' p2b Q7 e>@aB* 7' QK i?2 T'2pBQmb
i HQr+m ' p2b K2 bm™2/?2'2-Bi+ M#2 +QM} 'K2/i? ii?2°2 "2 MQ T
Q7 i?2 ++2TiQ b BM/m+2/ #v HMKBMmMK@/QTBM;X AM //BiBQ
b? HHQr ++2TiQ b Q'B;BM i2/ 7°QK #Q " QM@/QTBM; r b HbQ +
HQr@BMi2MbBiv T2 Fb 7QmM/ BM aL@jf9 KB;?i #2 Q°B;BM i2/ 7
#v i?72 MBi"Q;2M@BM/m+2/ /QMQ b QM +m#B+ bBi2bX h?2 T2 F
iHQr +m p2b Q7 HHb KTH2b r?B+?r2°'2B/2MiB+ HHv IrBi?BM e8
b KTH2b "2 ?B;?@ + BKRZRR2 W 2IbBiB2b Q7 i?72 2z2+iBp2 /QMQ" b
b?QmH/ #2 BM i?2 b K2 Q°/2° Q7 K ;MBim/2X MQi?2° BM7Q K
i2KT2 im* 2" M;2Bbi? ii?2b? HHQr/QMQ b QM ?2t ;QM H bBi2
/IQTBM; "2 "2bTQMbB#H2 7Q  i?2 haG "2H i2/ T°Q+2bb2b BM HF
KQ/B}2/ > HT2'BM@"® M2 0b KQ/2H 7Q  i?2 haG ;HQr T2 F }iiB|
BQMBx iBQM2M2 ;B2b Q7 b? HHQr/QMQ H2p2Hb-r?B+?2r2°2 ¢
h?2 + H+rmH iBQMb "2p2 H2/i? ii?2 T'QTQ iBQMb Q7 i?2 haG@
aS@j M/ aL@k "2Km+?H ";2°i? Mi?Qb2 Q7 aL@jf9 i2H2p i2/]
rOmH/ + mb2 H2bb TQ iBQM Q7 i?2 b? HHQr /QMQ b BM aS@j N
/B iBpg2 "2+QK#BM iBQMKT "2/ iQ aL@jf9-r?B+? KB;?i #2i?2"°
revi?8GbT2+i° Q7 aL@k Bb TT "2MiHv "2/ b?B7RCGrBA23i"2bT2+i
Q7 aL@jf9hX AM i?2 2M/-Bir b7QmM/i? ii?2 #bQHmi2 haG BMi
rBi? i72 BM+ 2 bBM; /2MbBiv Q7 i?2 i?2 'K HHv +iBp i2/ MQM®@ 2
AM a®%k bi'QM®ivT2 UaL@RV- M B@i2TR2UBRID V- M/ bi Ql
T@ivT2 UarSaGaakBVK TH2 r2°2 +? ° +i2 ' Bx2/ #v i2KT2 SiGhRBH-@T2M/
i"Qb+QTvX h?2 2tBbhi2M+2 Q7 M2r #Q " Q VBGB M@ 2 RI/i 2+ + PHIi® "~ H:
?B;?2 " BQMBx iBQM 2M2 ;v +QKT 2@ ©2iK22r2BiH-@AM QK BRI/ X h? 2
TQb2/ /Qm@H2Mi2  bvbi2KBM e>@aB* ;°22br2HH rBi?i?2 T 2pB
};m’ iBQM +QK#B MIEMD;+2Mi2  r?2B+?2r b /2i2F3 P iMHIMEKBM2b+2 M+
[212+12/ 1H2+i"QM S ~ K (;M2IBS-C@ N\ MTRI+i2Qb+QTvX h?2 /2+HE
i2M/2M+B2b “2; "/BM; i?2 HmMKBM2b+2M+2 i i?BaQr22M2" ;v ~ |
Q7 HH i?°22 b KTH2b- r?B+? BbD/@KBMi27 39 A72/+QK#BM @
iBQM- "2 ii'B#mi2/iQ i?2 2tBbi2BHX2iIRZ >8KQH2®ML X-h?2 H iiB-
;2QK2i'B2b Q7 i?2.2Q @Wil22 M/ i?2 >ak +2Mi2° "2 "2p2 H2/ #v "2
T 2pBRMb@T BM+BFHmHiBQM "2bmHib # b2/ QM aB* + vbi HX /
HbQ "2p2 H2/i? ii?2 7TQOK ABIQ2VI-Q?22 2 i22S 2R+IQK#BM iBQM Bb
i?72 K BM TQr2  /'BpBM; i?2 2KBbbBQ® aAB O+ 2b M # DK €BHBi i2/
#v 2M? M+BM; L@/QTBM;X JQ 2Qp2 - Bi Bb HbQ 7QmM/ i? ii?z
#2ir22M iR+2Mi2D @A2Mi2° BMi?2 # M/ ; TQ7 e>@aB*X h?2 2pC
HmMKBM2b+2M+2 7 QB #RQ2MBRQYw ~ MFHDCRKB®PPBQM bT2¥i@ Q7 e>



64 4 Luminescence properties of 6H f-SiC related to doped impuirities

aBt?B+? "2/QKBMDI@H#@ +2Mi2° "2H i2+FQK#BM iBQM Bb BMi2 T 2]
#v irQ@bi ;2 i?72°K H +iBp iBQM KQ/2H Q7 i?2 MQM@2[mBHB# B
>ak +2Mi2 "X AMQ /2 iQ pBbm HBx2i?22pQHmiBQM "2H i2/iQi?2
D j.@+2Mi2" "2H i2HQK#BM iBQM "2;BK2b- 7Qm @T? b2bF2r MQ
iBQMb 7mM+iBQMr b T TGHB24i7Q}iiB®;-r?2 21?22 HmMKBM2b+2M+2
"2H i2/iQ i?7Qb2 irQ /BbiBM+i T°Q+2bb2b r2°2 "2bQHp2/X h?2 }iiB
i?72° MFQ7i?2/2MbB@2PMQI2IBBM i? BXRKBHRbaS@) = aS@kX
g2 bm;;2bi2/i? ii?2 #QQKBM; Q7 i?2 ~ /B iBp2 "2+QK#BM iBQM B\
Q7 i?2 i7@+2Mi2°6b BM+'2 bBM; + Tim 2 T'Q# #BHBiv Q7 i?2 ?QH?2
7' QK i?2 >ak +2Mi2° X bvbi2K iB+ BMp2biB; iBQM "2; "/BM; iQ #C(
i?72 2tT2°'BK2Mib "2 biBHH M22/2/iQ mM/2 bi M/i?2 + Tim 'BM; M/
Q7 ?QH2b "2H i2/iQ. I@Z220MiHHR/ i?2 >ak ?2QH2 i" TX



CHAPTER 5

Impact from E;=E, centers on
photoluminescence of 6H f-SiC at
room femperature

Ai Bb r2HH@FMQBEYEE? 42M22°b "2 i?2 +QKKQM TQRMivIZ72+ib
e>@aB*X "v 7Q KBM; iR Wi2 KBpRI@BM i?2 H iiB+2 bi'm+im 2 Q
E.=E, +2Mi2°b "2 +QMbB/2°2/iQ #2 i?2 K BM +QMi ' B#miQ b iQ M
M iBQM r?B+? HBKBib i?2 + ~'B2  HB72iBK2 Q7 e>@aB*X AM i?
+QKT 2?22MbBp2 bim/vEQH, 2@Mi22b rQmH/ z2+i i?2 2{+B2M+v
.S "2+QK#BM iBQM- r?B+? Bb +QMbB/2 2/ b i?5&BBMe+>QMi B;
7@XB¥?2 bim/v Bb # b2/ QM i?2 SBEKR/@I2iBSKD 2Ym 2K2Mib Q7 e>

7@aABKTH2bhX h?2 2tT2 ' BK2Mi H T?2MQK2M “2H i2/iQ /Bz2 2N
/2+ v +? MM2Hb "2 r2HH@2tTH BM2M#2 bM2H iRF 2@ B2  /vM K
KQ/2H iQ;2i?2 rBiBCGHBI/R4BK2b + H+mH iBQM K2i?Q/X LQi2 i?

“2bmHib T 2b2Mi2/ BM i?Bb +? Ti2W)X2 /2 'Bp2/ 7 QK (

51 Overview

5.1.1 Brief review of E;=E, centers

P'B;BM HHv- KQ/2H /2p2HQTI2/ 2p2 /2 PQM(?2M#R2P QK2

T B2/ BMi?2/ M;HBM; #QM/ Q7 /272+i M/ bBKmHi M2QmbHv +
"2H t iBQM- i?72 2M27 ;v ; BM QW Vi QD2 +r@QK2 i?72 *QmMHQK# “2Tm
#2ir22M i?2KX AMi?Bbr v-i?2 "2H i2//272+i#2+QK2BMi2bQ @ +
reB+? TQbb2bb2b M2QTBPIZ® i 2 "Hv bi ;2-i?2 KQMQp + M+v BM
#v g iFBRIb B ? b #22M i F2M b ivTIB+ H 2t KTHI2 /[Q7232XM2; i
G i2 QM- >2KKBM ; §iQBV2MiB}2/ i?2 M2T i@p2@B2b "2H i2/iQ i?
/IQm#H2ib /4 ZH22Mi2 MBIMT2 9>@aB* #v.GAHVB MM 2K2Mib-
r?2°2i?222M2° ;v H2g2HBNI2 b ~ M;R.7 48KK20 iB. 760 K20
I12T2M/BM; QM i?2B" +? ;2 bi i2bX aQQM 7i2°r "/b-i?2v Q#b2 p:
I T QT2 iB2b 7 QK i?2irBNMR2X MEpDHQ:2i?2  i?2v B=EHH2/
+2Mi2 " bM@B/NI2 e>@aBbBM; i?2 b K2 2tT2 ' BK2Mi H i2+?MB[m2X
bm;;2bNXN) i? i 12Z2=Z, /1272+ib BM 9>@ aB~EM/2?72+ib BM e>@aB*
KB;?2i Q'B;BM i27 QK i?2b K2ivT2 Q7 TQBMi/272+iX KQ 2 2+
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2i B ? b 7m’i?2° bQHB/B}2/ i?2 7Q 2K2MiBQ&h2Z,+M/ 2H iBQM -
Ei=E, X AM i?2B “ZpZ, WE=E, r2°2 Q#b2 p2/iQ ? p2 HKQDbii?2 b K
:2M2° iBQM ‘ei2® #vB iBQM M/ i?2B° MM2 HBM; #2?2 pBQ b r2 2 bl
6Q i?2/2i BHb Q7 i?2 Q#bR %27 MBQIERRER 22Mi2 b- #v +? " @
+i2 ' BxBM; i?72 a+?QiiFv /BQ /I w2 N@feR*Ghai? E;=E,
+2Mi2°br2°27QmM/ iQ #2 bbQ+B i2/ rBi? irQ ++2TiQ @HBF2 H2p
2tT2 BK2Mi H “2bmHib bm;;2bi2/ irQ@bi ;2 BQMBx iBQM T Q+2bl
iBQMb Q7 i?2 +? “:RibH,i2R Qi KK "Bx2/ BMR [W/AMK b b?QrM
#2HQr UMQER,?2T 2b2MkbQ8, +2Mi2 VX

e e

E., = EY, " E,, UBXRYV

h* h*

E,.) " EY)

- El, u8XkV

>272-0?2 +? JERji2B+? + Tim Bbirl@7QmM/ iQ #2 i?2 ;"QmM/
bi i2 rBi? i?2/22T2bi 2M2 ;v H2p2H #2HQr i?2EfQMMELiBQM # M/-
r2°2+? ° +i2°'Bx2/ bi?2BMi2°K2/B i2 bi i2 M/ K2i bi #H2 bi i2- "2}
i?7 11?72 iIQKB+ bi rEs=itp BbQIBHH MQi +QM} K2/ v2iX h?2TQi2MiB H
"M;2 7°QK i?2 aBf* /B WalW-i?2 aB p + ,MHQKoOT H A2 bi(? 2
BMi2 biBiB HT B Q7 L@ iQKgMWM*@AQMRULBp2HYV +? “;2/ + "#QN
P+ M+ UHRIiQ i?2 + "#QM p + M+v iQ;2i?2 rBi? +* ,%QPNK MiBbBi2
am#b2[m2MiHui- KR2WHQM} K2/ 01?22 M;2 Q7 i?2 T Q# #H2 + M/B/ i2
rbM " "Qr2/ /QrM-iQ osX h?2v Q#b2 p2/ i?2 i?2€2B?QHB B/IQM
7E=E; ;2M2° iBQM QM HQr /QT2/ e>@aB* r?B+?r b QMHv yXj J2o-
e 2M2° ;v Bb QMHV bm{+B2MQ i @XBM/M2QZ2 2diB+ H bim/y} hik@/ QM
T BM+BTHR2mH iBQMb ? b #22M /2p2HQT2/ #v "2+ 7BEHykM/ ?Bb +Q.
r?B+? +QM} K2/ i? i 2Ri?2Bb M2; IBp2@i2 X h?22v 7QmM/ i? i
i?72 ;2M2° iBQMBR7bdQ+B i2/ rBi? ;B Mi C ?M@h2HH2  /BbiQ iBQM
#QM/b "2 ++QKT MB2/ rBi? i?2 p + M+v M/ "2+QMbi"m+i2/ r?B+?
bvKK2i'v HQr2'BM; Q7 i?2 /272+iX h?Bb bvBK2ux M@2 BM; U7 Q}
/Im2iQ C ?M@h2HH2 /BbiQ iBQMr b HbQRQ¥#BM p2/arda B2 mBIKRM; H
1S bT2+i'Qb+QTvX

5.1.2 Motivation

H#2B$E, +2Mi2°b "2 H 2 /vIB/2HV@HERNMpRI@Y QrM M/ B " /B i2/

e>@aByjNSN3RYRYB bQ 7 - MQ 2tT2 ' BK2Mi H i2+CMaHn2 # b2/ Q
p BH #H2 7Q  i?2 "2H i2/ +? 7 @iRBBXMBDM DM # B+ iBQM Q7 i?2 K
BMbmH iQ @b2KB+QM/m+iQ  UJAaV bi'm+im 2@ amBiQ iR /IBQ/2 #
H2 F ;2 +m "2MiBb biBHH MQi p BH #H2/m2iQ i?2 p2aR?B:?2 722 -
RYEBM@aBi?2 K H 2[mMBHB# BmKX PM i?2 Qi?2 2 M/- 7Q i?2 BMp:
?2QE=E, +QmH/ BM~m2RIQR7I@2r@B+? Bb K BMHv /2T2M/2Mi QM i?2
/B iBp3 "2+QK#BM iBQM-i?2 TTHB+ iBQM Q7 i?2 MQM@/2bi m+il
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WBX2KQ +QMi +i T°2T ~ iBQM Bb MX2K/ICKRRIPQIBEK2 bm 2@
K2Mib- "2 T°272 °2/X AMi?2 7QHHQIBM; T i Q7 i?Bb +? Ti2 - i7
i72 + "B2°b > THBE:+H2WMi2 b +QmH/ .22 +i2iPQK#BM iB@ MBBM

Bb /2KQMbi® i2/ [m MiBi iBp2HvX h?2 > TB/ HmMKBM2IS@M+2 /2
BM@aBf BHHmbi® i2/ #vl M2MiB®2@H i2/ + "B2'b /vM KB+b KQ
7m i?2°  BKTH2K2MiBM; . Bi22v@W#B® iBOQM KQ/28 - 200C@
#BM iBQM HB72iBK2b +QmH/ #2 BM~mEANEy 2/28Wi 2?2 B BHBDAR M H2
AM //BiBQM- i?2 + *B2" lv@*KB@bOURINT2 e>@aB* #mHF b KTH
HbQ BMp2biB; i2/ 7Q  i?2 +QK® XBHIGB\W “2BMBi2/ i? i T i 7°QK |
?B:7R2=E, 7QmM/ BMi?2 #mHF b KTH2- M //BiBQM Hi > TTBM; +2
7 QK i?2 "2H i2/ 2tT2 BK2Mi H "2bmHibX

5.1.3 Experimental

AM T'BM+BTH2- i?2 BM7Q K iBQM “2: “/BM; p "BQmb "2+QK#B
r?2i?2°i?2v "2 /B iBp2 Q" MQM@ " /B iBp2- + QB2 @ 2200 HBM 2 /
T?2QiQHMKBMEbS®M:22bm 2 K2MRIJX 6Q° i?2 KmHIB@2tTQM2MiB
iQM /2+ v +m p2 "2+QW2B@WiRi2K- i?2°2 "2irQ T ° K2i2 b 2KTH
iQ [m MiB7vi?2/2+ vT Q+2bb BM 2BX22RPB M +QX#B M MRGIM HB 7 2
UiBK2 +QMbi MiV BM/B+ i2bi?2 " i2 Q7 i?2 T?QiQM /2+ v M/ i?2
i?720HQ /+ T +Bivo Q7 i?2 MQM@2[mBHB# BmK + ~"B2°b Q7 i?2
Bb #2HB2p2/i? ii?2 + B2  /VM KB 7@ &80 KBBM HA2/eBp2M #v i? :
"2+QK#BM iBQM +? MM2HDb-r?2"2irQ Q7 i?RKE, 22MiBH#mMiNM/ iQ i
i?2 H271i QM2 BB ZQK#BM iBQMX AM Q /2  iQ bim/v i?2 2{+B2M+
bi2 /v@Dbi $2 2+QK#BM iBQUNDBEIKPH2b- i?2 "2H E2Gbdm2i8i+

i h "2 HbQ M22/2/X //BiBQM HHv- i?2 +@Mi2+QKKBM ;i BX2M
2{+B2M+B2b Q7 /Bz2 2Mi b KTH2br b MmK2 B+ HHv M Hvx2/-r-
i +i2/ 7°QK i?2 +Q  Zh TSEKIZBIMN 2K2Mib r2°2 2KTHQV2/ 7Q" i?2
M HvbBbX g2 +?Qb2 b KTH2 aL@Rfk 7Q  i?Bb "2b2 M@AWBM+2 i?
b KTH2b M/ ;"QrM BM i?2 b K2 # i+? rBi? i?2 B/2MiB+ H 2TBH v2
iBHT  K2i2°bQ7i?2b2irQb KTK®b 2mHFA@h@B* b KTH2 M K
b6"E6 7Q" 272 2M+2 U b K2MSEQMRY B M a+f #h2/+X QK h ME2"Hr
Gi/X rBi? /IQm#H2@DbB/2@TQHBb?2/09N MA:5 X2 hB22A3B BN2Q 7

T K2i2'b "2; /BM; b KTH2 aL@Rfk b r2HH b8"R azn (02 RIi B M
MmK#2'b Q7 b KTHBM: TQBMib r2°2 +?Qb2M 7Qal@k, liB™22 Ua
"E, irQV #v +QMbB/2 'BM; i?2B h/BKGRMBBD Mh 2&2MibX h?2 iBK2
bT M 7Q b KTHBM; i?2 T?QiQM h2-6@KmbBM2K2™Mib r b b2i iQ k
Kb ky b 7Q° i?P@ §B#¥mHF b KTH2- "2bT2+iBp2HvX b 7Q  i?2 "2T
i?72 H b2 TmHbE ATbHVB22K- ~ i2 Q7 8yy >x rBi? 3y Mb "2bQHmi
?2 BMi2:;" iBQM iBK2 r b7+® @bRMH2®- r?BH2 " i2 Q7 8y F>Xx rBi? :
“2bQHMIBQM M/ jy KBM BMi2:" iBQM iBK2r b b2i 7Q° #mHFb b
#2 KTQr2  Q7i?2 TmHDb2/ H b2  bQm +2 mM/2 i?2 "2T2iBiBQM °
TmHb2 2M2 ;v r b /2i2 KIBMGXbAM //BiBQM- /m2 iQ i?2 22 pv i?
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Q7 HH i?7°22 b KTH2b-4322 M/Ma2lb Q72 " KBM2/ BMXgXKEDQ + X

2 +? b KTH2 "2 HKQbi BM/2T2M/2Mi IX7hQ KT B2 i BBW FAMR2BRAR2 MiB + |
2tT2 ' BK2Mi H+QM/BiBGNG MQSGKRiDm 2K2Mib-i?2 b K2 TmHb2/ H |
bQm +2 U8yy Nky MgV r b 2KTHQ@WK27m 2K2Mib # b2/ QM i?2 b K2
b2imT UK2MiBQM2/[BWlah#bQBX Q®K2 bm 2K2MibX AM //BiBQM- 7
bi iBSGK2 bm 2K2Mib- M QTiB+ H bT2+i"QK2i2° U* a R9y"- AMbi |
K#>V rBi? 8 b BMi2;" iBQMiBK2 M/ T 2@BMhbjhigsHRYH\D; @ T bb }
7Q° 2KBiiBM; T?QiQMbV r b TTHB2/X

5.1.4 Computational methods

AM i?Bb "2b2 “+?- Bi Bb #2HB2pR/+2Mi?d M2H iBp2@ B2 b i TTBI
+QKT2i2b rBi? i?2 2KBbbBQM T Q+2bbS/QXKBYK#BMINBQM- ?22M+2
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5.2 E;=E, related carrier dynamics in 6H f-SiC

5.2.1 Principle of the carriers trapping by E;=E, centers
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5.2.2 General formulation of the carrier dynamics model
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5.2.3 The modelling in the case of low injection level
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5.3 Steady-state DAP recombination lifetime
calculation model

5.3.1 Procedure of steady-state DAP recombination

h?2 # M/ /B ;> K BHHmbi® iBM; i?72 T"TBM+BTB2 Q¥QR2BM iB/@MWi
KQ/2H Bb T ' 2b2Mi8KBMBB+XQ 2 Q7 i?2 bi2Svia@biQiR#BM iBQM
KQ/2HR)yBb iQ i"2 i i®2b bBM;H2 /272+iX h?2 r?2QH2ST Q+2/m"
"2+QK#BM iBQM Bb +QMbBbiBM; Q7 b2[m2M+2 Q7 +? ;2 bi i2i
bBiBQM Bb ++QKT MB2/ rBi?j+ TB2 B ZK@HBPBEIXMh?2S? ;2 bi
/2bB;M i2bi?2 MmK#2 Q7 2H2+i"QMb QS RRIoB 2/Mt v?@M 2 Divd Q#7?-
bBM+2 r2 7Q+mbMONIVEi2 QMK TH2b- i?22 £?BY5 HBIKIERA?-i QV k

M/ QMHvV i?2 +? ;2 bi i2i° MbBIiBQMb /2MQi2/ #v i?2 I8XKK2/ ~~QI
r2°2BM+HmM/2/ BM Qm  KQ/2HBM;X aT24BGi M/BVZQ?24221+2BbR /i
bii2 2 /v7Q 2H2+i'QM@?QH2.'2+QKZRNM RQNRKHBBM iBQM Q+
+m'b /m BM! iR2° MbBiBQMX h?2iS MOBRWHBM iBQM T ' Q+2/m 2 |
MDivT2 b2KB+QM/m+iQ™  + M #2 /2b+ B#2/ BM bBKTH2 K MM2"7,
i?72 KBMQ Biv A*'VB2bb U2 7°QK p H2ZM+2 # M/ iQ +QM/m+iBQM #
+? 7;2biSIBM/2°;Q2bi?2 +B +#nHCIBAMIKX7Ai Bb rQ i?viQ K2MiBQ
i? ii?Bb +B"+mH iBQM Bb "2p2 'bB#H2-r?22 i?2 i MbBiBQM #
bi i2b Bb "2 HBx2/ #v i?2 + Tim 2 Q" 2KBbbBQM @7 QX2 W K2 ivTZ
bBM/B+ i2/#vi?2T B Q7 QTTQbBi2 ""Qrb #2ir22M 28XK irQ +7?
6Q  BMbindWiQ+ /2MQi2b i?2 2H2+i"QM + TinRQ7Qi2+Q7 h2 b2 i2

i° MbBiBRQKV,- r?2N2 BM/B+ i2b i?2 /2MbBiv Q7 iRrBi? i;22bi i2
/IQMQ b bi VBMEGL\Bi2B M/ ++0), /BRWM Bw2Mib i?2 "2H i2/ 2H2+i Q
im'2 T°Q# #BHBivX *QMi° 'viQ i?2 +?R;RpbB i2H2MbLBNB@M im "2
i?72 i MbBiBXNVMQRBMMPQHpP2b i?2 2H2+i QM 2KBbbBQM rBi? i?2 +C
bBQM " i2 /2MN\QER/-#\22 2 i?2 BKTHBW BHQUBRBH " iR{i?M/Q7

€, BM/B+ i2b i?2 "2H i2/ 2H2+i'QM 2KBbbBQM T Q# #BHBivX i
P2 bB#H2 +? “;2bi i2i° MbBKBQW TRQk2P”P2'Qp2° HHi  MbBiBQM
2; T/IBM; i?2 H27i@iQ@ "B;?i /B°2+iBQM rQmH/ #2 2[m H iQ i?2 (
i?72 "B;?2I@iQ@H27i /B2+iBQM-i? i Bb- /vM KB+ # H M+2 ? b #
i?72 BQMBx iBQM 2M2";B2b "2; "/BM; HH i?2 mMT2 im #2/ 2M2°
BM h #82RKK?2°2 2 +?2 T B> Q7 i?3 MMim2 #m@/#2/ 2M2 ;v H2p2Hb "2
T2/ #v i?22 *QmMHQK# BMi2 UriB@M 2WMB;WQU0 2H2K2Mi “v +? *;2b
Ug = €=@4" ¢"r; )RrBi?; 1 "2T 2b2MiBM; i?2 /IQMQ" @ RBRR®  /Bbi

Ro MM /2MQi2 i?2 p +mmK T2 KBiiBpBiv M/i?2 "2H iBp2 T2 KBiiBpBiv Q7 e>



76 5 Impact from E,=E, centers on photoluminescence of 6H f-SiC at room temperature

6B;m 2 8XW M HViB+ H bF2i+? b?2QrBM; i?257 n2H D K# B M2iBQMmX
h?2°2 "2 }p2 +? ;2 bi$2b?@F? "2 2T 2b2aMiBR&v "Qrb 272"

iQ i?72 + "'B2'b 2KBPOBQ@M "Q+2bb2b K “F2/ rBi? i?2 “2H i2/ " i2b.
i72 bQHBY?2/ ""Qrb BM/B+ i2 i?2 K DQ" "2+QK#BMT@QW2T i?b 7Q"
M@ivTI2 b KTH2- "2bT2+iBp2HvX hH?2 F2TiQ@ #RZpDHMUDY "2 /2bB;M
#VEL, M/[Eap- "2bT2+iBp2Hv- r?BH2 i?2 mMMF22MI@2HAPRAUDLY "2
/2bB;M i2El#v M/Ea - b2T ~ i2HVX LQi2 i? i i?20BMIB* +2BT?2

ivT2 Q7 i?2 H iiBK¢RbBMHNVU?2 2 i22 /QMQ b Q++mTvX



5.3 Steady-state DAP recombination lifetime calculation model 77

LQi2i%,itrBb + m+B HT ~ K2i2  7QS2WB®&KBBMNM iBQM HB72iBK2
rBHH #2 7m i?2° mb2/ BM i?3 bi2+ QUK@#BIM2ZBQM KQ/2HX

5.3.2 General model of the steady-state DAP recombination
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5.3.3 The modelling in the case of extrinsic Ntype 6H-SiC
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5.4 Recombination channels in nitrogen-boron
co-doped Ntype 6H-SiC
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5.4.1 Two particular decay channels in bulk 6H-SIiC
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5.4.2 Recombination channels corresponding to E;=E, centers
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+? MM2H® W;(0)VX h?2 KQ/2Hr b MmMK2 B+ HHv bQHp2/ #v TTHv
"Q:; +FB@a? KTBMRKRRI2QIBK2 bi2T KQ/2- Ry Th T2  bi2TVX
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_2; 7IBM; i?2 KmHIB@2tTQM2MiB H }iilB M & 27 v 22mK @ 2tbnQ 2/
b KTH2 "E M/ aL@Rfk b?@M rRBMEBBBRp2 i? ii?22°2 "2irQ Q7 "2
#BM iBQM +? MM2Hb 7Q° 2 +? b KTH2 +Q "2bAZWMWM2BM 28 i22 M
+ "°B2° /VvM KB+b- r?2°2 QM2 Q7 i?2 "2+QK#BM iBQM +? MM2H
TBM;Bw+2Mi2 b U?2t ;QM HV r?BH2 i?2 Qi?2° +? MVME2H Bb 7Q"
QEzy +2Mi2° U+m#B+VX b TQBM22/ @hiHv BM2d>@aB* i?2 ° iBC
#2ir22Mi?2 /2MbBiB2b Q7 MBi Q;2M@BM/m+2//QMQ b QM ?22t ;(
#2 2[mBp H2Mi iQ i?2 " iBQ Q7 #2ir22M i?2iQi H/2MbBiB2b Q7 ?
iB+2b- i?NihBNe 1:2X GBF2rBb2- Bi Bb "2 bQM #H2 iQ +QMbB/2
#2ir22M i?2 /12MEBIBQRM®BI2HE, WMIM® bBIERRDVME,y iQ;2i?2°V
b?QmH/ #2 "Qm;?Hv 2[m HIiQ R,k b r2HH &, b HZmH/ig2 2 M2Biv
i? Mi? iIEQX h?2°27Q°2-7Q°i?Qb2irQ +? MM2Hb +Q " "2bTQM/BM
QM,=E, +2Mi2°b-r2 bm;;2bi i? i i?2 +? MM2H rBi? H ";2° KTHBI
+ i2bH ;2 6HQ / + T +Bivd Q7 MQM@2[mBHB# Bmlky,t B2 b-
MEo,y +2Mi2°X 6m i?2°KQ 2- Bi Bb BhQ MEhmKW2/HHIi F2 Qp2°
i?72 b K2 KQmMi Q7 MQM@2[mBHB# BmK + ""B2°'b 7Q°  bBKTHB+
7Q 1?2 2biBKEBOQMERY b?QmH/ #2 bHB;?iHv /IBzB3X@MM7 QK 1[X U
? pZNu;ZL;Nu;ZH :2:[( 2L:h + 2H;h)hth;hi 2]' r?Z‘Z IZMQiZb i?72 iBK2 +QM(
bi MIE7 2H i2/ "2+QK#BM iBQM +? MM2H 2ti° +h2/STG DKm2H TR "B K
6Q b KTH2 "E-r2 #2HB2p2 Bib b2+QM/ M/ i?B°/ /2+ v +? MM2H
M2; iBpz@Mi2 b "2H i2/ + “"B2°bi° TTBM;X PM i?2 Qi?2> 2?2 M/- i’
+ v +? MM2Hb ii'B#mi2/ iQ 2Bi@RaBXT H2bieQ @ Rfk- r?2°2 i?2 }°
M/ b2+QM/ +? MM2HDb 7Q" 2Bi?2  aL@Rfk "2 "2H iEf5E) i?72 + "1
+2Mi2°bX AM //BiBQM-i?2i?B"//2+ v +? MM2Hb BM.aZ @Rfk r2°
"2+QK#BM iBQMX AiBbrQ i?viQ K2MiBQM i? i r2 /B/ MQi ii B#r
M iBQM +? MM2Hb BM aL@Rfk iQ bm 7 +2 "2+QK#BMRIiBQM T QA
RkYd? p27QmM/ i?7@ @BRTH2b- mM/2 HQr BMD 2NiBQ M M MM @ U
2[mBHB#'BmK + ""B2°brQmH/ #2 ?2BM/2 2/ #v i?2bT +2 +? ;2 }2]
r’B+? 7m’i?2° K F2b i?2 /BzmbBQM +Q2{+B2MiiQ #2 M2;HB;B#H
bm' 7 +2 "2+QK#BM iBQNM BB GamBBXbI(H2b b? HH #2 Km+? HQM; 2
Mv Q7 i?2 2ti° +i2/ HB72iBK2b 7 ' QK i2& 2bT2HBKR2 Mi H

"v ;BpBM; i?2 2biBK i2/ BEMMBiiR2bBMBiB H MQM@2[mBHB# B
[2MbBnB@4J pi(0) HHQ+ IR/@Q2H i2/ 2+QK#BM iBQM +? MM2H- QN
i?72 bBKmH iBQM bvbi2K @ZM2hiBpRi@2/ + B2 /vM KB+b /2T
6B;&XaM/; i?727 1?2 2 Hi(BKE(t)- MN, (t) br2HH bi?2B  /Bz2 2Mit
p Hm2bX AM //BiBQM- i?2 iBK2@/2T2M/2Mi KBM@ BRiw2 ~"B2"
2ti° +i2/ br2HH #v m8WE hPR2 BBKmH) i”2Q " 2E+?2°2 bmKK "Bx2/
BM 6BX€Q;2i?2  rBi? i?2 2tT2 BK2Mi H /2+ v E1€EpHR DB BH i2/ iC
/IvM KB+b- M8&¥®B2&rb HHi?2 + H+mH i2/ KBMQ 'Biv+ ""B2" HB7:
r? ir2? p2 K2MiBQM2/ BaWK kaa#b2HXQr BMD2+iBQM H2p2H- i?2
+ "B2'b/2MbBiv Bb T'QTIQ EBBBMIiAMBBHRER / p(t)- ?22M+2 7Q°
i?72 "2+QK#BM iBQM +? MMEBEHEQKBNB22/WM KB+b- iR2SBH i2/
/2+ v T'Q}H2 2ti° +i2/ 7°QK i?2 KmHIB@2tTQM2MiB H }iiBM; b?C
b? T2 bi? i Q7 i?2 bBKmH i2// KTBM; Q7 MQB@2 [HE BIHB H>XB m K
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6B;m 2 8Xe2 /2+ v T Q}H2b U2ti® +i2/ 7 QK StF 2MB bBMimH i2/
KBMQ Biv + ""B2 b / KTHNEE; 2H iBR2IQGVM KB+bX 6Q" #Qi? U V M/ |
i?72 2tT2 'BK2Mi H /2+ v T'Q}H2b UrBi? MQ 'K HBx2/EKEBHBim/2bV °
+ B2 /vM RR2ig2M MB'/ +?2 MM2H BM "E1WM/MR2Y/ +? MM2H

BM aL@Rfk- "2 /2bB;M i2/ #v QT2M +B +H2bX h?2 QT2M i'B M;H:
MQ K HB8%/2/+ vT Q}JH2BM"EX h?2 QT2M b[m “2b BM UV /2MQi2i?:
[2+ VT Q}H24? MM2HV BM aL@RfkXA,HM 22 222/ +i2/ 7 QK
6B;&XX§ h?2i?2°22 +m 'p2b 7Q 2 +?2 b KTH2 2T 2b2Mi i?2 bBKmH i2
MQM@2[mBHB# BmK ?QH2 /2MbBi@RL@+Q M2t T2 QPHERE,; @)

"2H i2/+ B2 /vM KB+b- "2bT2+iBp2HvX



5.5 Static PL intensity affected by E;=E, centers 87

6°QK 6B,Xe2 + M b22 i? i Qm" + H+mH i2/ KBMQ Biv + “*B2'b /
b KTH2 K i+22b [mBi2 r2HHiQ i?2 "2bTh26iBp2 T 2QBHK2MNX H2M + 2
i?2 "2bmHib b? QraXB®MB KXiE,5E, "2H i2/ + B2 /vM KB+b BM i
e>@aB* b KTH2b Bb BM/22/ "2bTQMbB#H2 7Q" i?2 + B2 b i °
[2+ v +? MBXEiR2y, MB-, +? MM2H BM "E1M/MR@, +? MM2H BM
aL@RfkX PM i?2 Qi?2° ? M/- i?2 KBMQ 'Biv + 'B2'b / KTBM; r [
#Bi bHQr2  +QKT "2/iQ i?2 +Q "2bTQM/BM; }iiBM; +m p2 7Q b k
+ mb2/ #vi?22 MM+QM} K2/ /272+ib BM "E r?2 2 i? 2 VRH@BM®I/ #2 KB
BMbi M+2X 6Q  i?2 + H+mH i2/ HB72iBK2b Q7 i?2 MQM@2[mBHB
+? ;2 bii2i° MbBiBQMDb BXQWBW 6B2X? i i?2 22t ;:QM H@ M/ +
bBi2 "2H i2/ MQM @2 [HMBHBBKRHK 2 HKQbi iBK2@BM/2T2M/2Mi
+QMbi Mi + “"B2'b / KTBM; " i2bX AM //BiBQM-r2 HbQ + H+m
"2H i2/iQ i?2 +? ;2 bi i2 i'EMBBEBQMIE’Q7 E; #v 1[X8XM-

r?72°Q 272 b@@PyfYX h?2 iBK2@/2F2M/MMI* 7Q 2 +?2 b KTH2b
"2 HbQ BM+HmM/@K@Mi6BhXQ#pBQmb iQ b22 i? i i?2 @fy i° MbB
bi i2 BMi2 K2/B i2 bi i2V /QKBM i2b i?2 ?QH2 +,Ti() B "Q+2b
HKQbi 2[mBp H2Mi i?2 Qp2° HH KBMQ 'Biv + "B2  HB72iBK2 7Q
?2 M/-i?222ti° +i2/ ?QH2 HB72iBK2  2; "JBM;yBWi2 WKIEREBBIQ@M i i2

| 2KTiv bi i2V Bb 7QmM/ iQ #2 }p2 iQ bBt Q /2 b QF KtyMBim/2
7Q° 2 +?2 b KTH2X b r2 ? p2 K2MiBRXMRIRBM 22 KMEB2+XQM + Tim :
*2; /BM; Yfy i’ MbBiBQM U2EMi2 Ki2i/B i2 bi i2V Bb i*2 i2/ b

+ b+ /2 T°Q+2bb-r?22 i  MbBiBQM " i2 7Q " Yfy T'Q+2bb U2H2H
Km+? ?B;?2 i? Mi? i Q7 i?2 QTTQbBi2 yfY T'Q+2bb U?QH2 + T
i? ii?2 Yfy i° MbBiBQM KB;?i ?BM/2" BiB X2IR2QWYi2 TMO B RBb@ M
iQ H ;2 2ti2Mi- r?2°2 i?2E/2KBBAVHRTKmM+? HQr2  i?EM i? i Q7
i MviBK2 /m BM; iE2=E? QR i2/ + 'B2'b i° TTBM; T°Q+2bbX h
i?2 [mMBi2 HQr 2{+B2M+v "2; “/BM; yfY i MbBiBQM rQmH/ H2 /i?
HB72iBK2X (t)- iQ #2 7 B'Hv HQrX AM //BiBQM- Bi P'lhi@22M *:
T BM+BTHRMDH iBQMbY)RIM aBO( biM@MWT2 aB* r?BFf BBibHQb2 iQ
Ec-i?2 M2; IBpR@2K rQmH/ T 272  iQ F22T Bib + "#QM p + M+B2b
+? ;2 bi IRB¥AXV ii?2°KQ/VM KB+ 2[mBHB# BmKX

X #a
Q= jR}i=p®) UsXjyV

5.5 Static PL intensity affected by E;=E, centers

5.5.1 Comparison between f-SiC and bulk 6H-SIC

h?2 bi iB+ KSGBMi2MbBiv bT2+iQ " iHH i?°22 b KTH2b "2 bmKK "E
6B;8X3Ai Bb "2p2 H2/i? i i?2CBMi2MbHBiB2b Q7 aL@R M/ aL@k
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6B;:m 2 8XdH+mH i2/ iBK2@/2T2M/2Mi KBMQ Biv + B2  HB72iBK:
BM+HmM/BM; i?2 2QH2 HB72iBK2b BM i?2 "2+ EK#BME,iBQM +? MM2H
M/Es iQ:2i?2°V +2Mi2 bX h?2 MQM@2[mMBHB# BmK ?2QH2 HB72it
+2 ;2 bi i2 i MbBXB@MWb-M/ yfY- "2 2ti> +i2/ 7°QK i?2 + B2  /vM
bBKmH iBQMb b r2HHX

ey M/ 9y iBK2b ?B;?2 i? Mi? i Q7 "E- "EF-E2 +PBWDi2Hv X pRM22M
+QKKQMHYV “2; */2/ bi?2+QMi'B#miQ b Q7i?2MQM@ " /B iBp2 2+
M/ i?2 + B2 HB72dBKBIFBMH#H2HB2p2/ i? i i? 23 GBiWwi2MBDB2v BM

"E Bb /m2 iQ Bib KmEZ=BEB+®DXKT "2/ iQ aL@Rfk- r?2E=82 iQi H
/2MbBBXBRXY BM "E Bb 2biBK i2/iQ #2irQ Q'/2°b Q7 K ;MBim/2 ?B;?
Q7 aL@Rfk- b b?2Q8M®BAM BBEMimBiBp2 iQ mM/E+H, M2 MA2 KoQ " 2
rQmH/ + mbCBRrMbBBADMbBiIv- b i?2BMy /12MEBJVBM e>@aB*rBHH BM+"
i7206HQ /+ T +Bivd Q7 i?2 "2H i2/ MQM@ " /B iBp2 "2+QK#BM iBQMN
H2bb MQM@2[mMBHB# BmK + S'B2XQKHBR+HBDMG? MM2H M/ 2p2Mi
H2bb * /B iBp2 "2+QK#BM iBQM 2p2MibX >2°2r2rQmH/ HBF2 iQ /B
i?2BMi2°M H[m MimKWRZABQWM+HH i?°22 b KTH2b # b2/ QM Qm~™ 2tT2
h S&K2 bm 2K2Mi "2bmHib-r?2"2 i?2AZQVIQmHQO#MIBBKBH " iQ i?2
+QMi° bi QM i?Z6GBMB2ZMbBiIiB2bX g2 /QTi2/ bBKTH2 2[m iBQM /2
27X (7Q " i?2 2p HMAIBIBM Y@ aB* r?2°2 rgu2 Ipdl+ A= wm)

rBi?a M/ y'BM/B+ iBM; i?2HB72iBK2b Q7 MQM@2[mBHB# BmK ?QH
MQM@ " /B iBp2 "2+QK#BM iBQM- "2B22h B p RMHE XHHQ i2[n?Bip H2Mi i(
?QH2 HBYAHBK2Bb "2b2 "+?X aBM+2 i?2°2 2tBbib irQ MQM@ " /B iE
+? MM2Hb U+? MM2@ &8 KWTHDb- r2 BKTH2IK2ZME/+1=t, b

r2HH ;h=ts M/ ;Qii?2 p HRMZbHb @MM/ RXdW M/ RX9W 7Q  aL@R M/
k- "2bT2+iBp2HvX 6Q b KTH2 "E- b r2 ? pBXBbARnBbIZI BM am#b2-
HB72iBK2 Kmbi #2 [mBi2 HQM; M/ #2vQM/i?2 /2i2+iIBQMGHBKBi Q7
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b2imT- i?2 +QMi" bi #2i32BB7i2i BK2 M/ Qp2  HH MQM@ " /B iBp:
"E b?QmH/ #2 Km+? KQ 2 bB;MB}+ Mi AZibBKT Ka/+iQHQ@ R fk X

6B;m 2 8XIB22SGBMi2MbBiv bT2+i° UiBK2@BMi2;" i2/V7Q "E M
bQHB/ +m p2b /2bB;M iSGBEMIEMbRIB2b 7Q° 2 +? b KTH2bX 1 +
2T 2b2Mibi?2 bi M/ "/ /2pB iBQMUa.V "2; '/BM;i?2 p2  ;2/BMi
T?QiQM i +2°i BMr p2H2M;i?X

5.5.2 Comparison between the f-SiC samples

*QMpP2MiBQM HHv-i?2/2+ vT Q}H2 2: "/BM: i®2 TPQKEBIN KaB b L
iBQM Bb KQ/2HH2/tBMR K)@EMbQZ / Q7 bBM;H2 2tTQM2mliB H /2+
/2MQi2b i?2 TQr2 7 +iQ  UH2bb i? M x2 tQXV>@p2p 2?2 iI2B bvki® K2H
BbKQ 2 TTHB+ #H2iQ 52@+ 2B# 2i?22+ v T Q}H2 mM/2"  ?2B;? BMD
rBi? [mMBi2 b?2QHB72iBK2- r?2°2 "~ TB/ T?QiQM /2+ v ++QKT M
K iB+ BM+ 2, hBR2tT2+i2/X AMbi2 /- B732@ 2H i22 /2+ v T Q}H2
mM/2  HQr BMD2+iBQM H2p2H bi?2T iQ7i?2/2+ vT Q}H2 mM/
i?72 BMBiB HiBK2 T2 'BO/ 20QKABM iBQM 2K-TK1HPBK2 TQBMi
+Q "2bTQM/BM; iQ i?2 BMt22iBAMbEQBMaBM+2 i HQM;2 iBK2
2tTQM2MiB H /2+ v 7mM+iBQM Bb Km+? KQ 2 b2MbBiBp2 iQ /2+
Hr/2+ v 7mMBXEOW- BM i?Bb "2b2 +2-r2 2 i2/i?2 T?QiQM /2
iQ. S "2+QK#BM iBQM +? MM2H BM e>@aB* i HQr BMD2+iBQM F
/2+ v r?2°2i?2/2+ v T Q}H2 Bb K BMHV /2i2 ' KBMBX%2¥SBib iBK?2
HB72iBK2X Dbi2./S@Bi+Q@K#BM iBQM KQ/2H r?B+? ?2 b #22M BN
a2+9j b TTHB2/7Q i?2 2biBK $B2M @K#B® iBQM HB72iBK2 Q7
h?2 "2H i2/J iH #+Q/27Q  i?2 +H2mH/BBIQM+Q7i BMrj; M:2 Q7
Bb b?QrM BM*GBMiBM%*X h?2 bBKmH i2/ "2H iBQMMM#2ir22M

7Q  aL@Rfk "2 /2TB+82NBMKEB-XBM: i?2 K2 SnHR72itBRBD U
aL@Rfk- b22XgBOXi?2 bBKmH ri2B+? Bb /2T2M/2MiDMp2 H2/
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i? 1i?2 p2°.:;2 b2T " iBQM /BbjitM+228T0 M/ 354 Q7 i?2 p2 ;2

"Q? " /Bmb Q7 /QMQ b 7Q  aL@R M/ aL@k- "2bT2+iBp2HvX >2 2-
2 p2 b?Qrji2- i?Bb BM/B+ i2b aL@k 8 b?/ M\FIb2iQ Bib ?B;?2  /QTBM;
+QM+2Mi’ iBQM +QKT "2/ iQ aL@RX ASKNERIBQW bZ2QK il [X2U
BM+ 2 b2rQ@mH/ /2+.2Sb2 MbBiBQM T Q# #BHBIMRMERHQM ;2"

i?Bb ;°22b r2HH rBi? i?2 +QKT 'BbQM #2ir22M aL@RIkX >Qr2p2
i° MbBiBQM T Q# #BHBiv Q7 alL @k $EBM (RiMBMB/im +DRE;?2/ iQ aL @R
i?Bb #2+ mb2 Q7 ?B;?R=E2MBPRi2 @7BM aL@kX b b®XNM BM 6B ; X
7QmM/ i? i aL@R ? b ?B;?2° MQ KAWBL27%NTHEBIMBMUBIDb
"2+QK#BM iBQM +? MM2H +@KT1200\Q aR@®#?Ur mb2 aL@R iQ ? p2
M2 “Hv 8yW ?B;?2 80MIR@BAME2DMbBivi? Mi? i Q7 aL@kX

6B:m 2 8XNH+mH i2/ "2H iBQMb #Mir22KQ" aL@RfkX h?2 2tT2 B@
K2Mi Hr BXBX7Q  aL@Rfk BM T i BV Q@7H@+Xi2/ BM i?2 K BM THQ
++QKT MB2/ rBi? i?2rT+X/Bi®i2bi M/ */ /2pB iBQMb Ua.V “2; “/BM;

K2 bm 24 M/ + HtmH+4{Z/Q 2 +? b KTH2 "2 K "F2/ mT BM i?2 "2bT:.
BMb2ibX

5.5.3 Discussion: Ey=E, density vs. epilayer growth

Ai Bb +QKKQMHvV #2HB2p2/ i EiFE?22220iBiBQBIi " QM;Hv BM~m2M + 2
i?72*faB " iBQ/m BM; i?2+ vbi H;"Qrim™X{y®|RBKQIQ#12Hp2(/ i?2

bi'QM; /2+ 2 bZ,€7F #¥2Mi2°b BM 9>@aB* #v BM+ 2 bBM; i?2 *faB " i
QM->m? RijHXp2 HbQ Q#b2 p2/i?2 bBKBH "i'2M/BMe>@aB*X hQ
Q#b2 p3YW /2+°2 b2 Q7 i?2 I2BABBi¥ QVFik?D r?2M BM+"2 bBM; i?2 *fe
TiBQ 77 QK yXye8 iQ yXk8X 6aSKBRMZQQ i?2 "2H iBQM #2ir22M i?.
aBf** iBQ M/i?2;°Qri? K#B2Mi i2KT2  im"2 QM #Qi? aB@7 +2 M/
BM i?2 6B;m 2 3e¥ LO7TXi(? i Bi Bb + m+B H iQ F22BaBf*=R #v mb
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K2i?7Q/ BM Q' /2 iQ 2Mbm 2 i?2 bm{+B2Mi ; Qri? " i2X >2M+2 i?
bBim iBQM +QmH/ #2 QMHvV QTiBKBx2/ rBi?BM yXR iQ RX >Qr2p
TiBQ i2M/b iQ mMBiv i?2 i2KT2  im 2 rBMmHBM+222 KjyQ# #BHBI\
;0 T?BiBx iBQM #2BM; [mBi2 ?B;?X 6Q imM i2Hv- i?2 ;7 T?BiBX
#v BMi"Q/m+BM; h 7QBH BM iR2);f®Q2i2 b¥Ddi2 i2/ i2+?MB[m2 °
H2 /v #22M BMi Q/m+2k>BMRaMB®h22XTQbbB#H2 K2i?Q/ 7Q" '
Ei=E, /12MbBivBbiQBMi ' Q/m+2?2v/"Q;2M; b BRi®Qri2B+?QGr@QM HK#B Z
b?B7i1 1?72 biQB+?BQK2i"viQr /b ?B;?2" *faB >~ iBQX >Qr2p2 - i7
BM+ 2 bBM; i?72 *faB ~ iBQX 2bQR2BM iBQM Bb i?2 /QKBM Mi °
"2+QK#BM iBQM7@;BK2'BMBib 2{+B2M+v Bb /2T2M/2Mi QM i?2 /2]
. @+2Mi2°- Bi ? b #22M IR M2IBNM(H+HmMEBRAWMR7 + M #2 /2+°2 b2
bi'QM;Hv rBi? i?72 BM+'2 bBM; *faB * iBQX PM i?2 Qi?2  ? M/-
Q#b2 p2/i?2BM/B+ iBQMi? ii?2 BM+IHmbBIQMXBIi;?2 MQK 1B HD®
rBi? i?2 L@/@TIPMEM  i?72 KQ 2-/2bTBi2i?2 7 +ii? ii?2 +QM+2M
MBi"Q:2M /QT @aBYPmH/ #2 F2Ti ?BX1DMQKEY LQ 2Mbm 2 i?2

H ;2/2MbBB @A QK#BM)FBQMNBi Q;2M /QTBM; biBHH "2[mB~2b
iQM ""Qr /QrM Bib ® M;2X hQ bmKK "Bx2- i720;a®bBBEGMi " QH Q
K2i?Q2X5X?2 *faB * iBQ M/ i?2 MBi"Q;2M /QTBM;- Bb biBHH "2[n
M2r # H M+2 #2ir22M i?2 /2EADBIiB22@iMi N[ @22Mi2 X

5.6 Post-analysis of the 6H-SIC samples

AM i?2 7Q 2K2MiBQM2/ 2tT2 ' BK2Mi H +? ~ +i2 ' Bx iBQMb M/ k
+HmM/2/i?2 BM~m2M+2b 7°QK Qi?2  TQi2MiB H BKTm BiB2b QM
MQ K HHv /m BM; i?2 ;"Qri? Q7 i?2 #mHF M/ i?2 2TBH v2  U#v
aB* b2p2° H FBM/b Q7 BKTm BiRXbX¥ MW MR2MBMY @mMM/-#2 M 222 +i
"2+QK#BM iBQM +2Mi2° BM@aB*X AM //BiBQM- br2? p2 bbB;
BMD2+iBQM QI2p QT2 aB #mHF@aB* b KTH2b- i?2 /Bz2 2M+2 QN
"Qm;?M2bb Q7i?2b KTH2b ? b #22M B;MQ 2/X AMQ /2 iQ +QM}
7Qi?2 KQ/2HHBMO @MQT2/ e>@aB* Bb "2 bQM #H2-irQ b2ib Q7
/2bB;M2/ 7Q  i?2 TQbi@ M HvbBb Q7 Qm b KTH2bX

5.6.1 Investigation of additional impurities

h?2 +QKKQM BKTm 'BiB2b r?B+? 2 mMBMi2MiBQM HHv /QT2/ B
UPV- hBi MBmK UhBV- *Q# Hi U*QV- o M /BmK UoV M/ *? QKB
P@BKTm Biv BM@aB* MQ 'K HHv +QmH/ MQi 7Q K /22T +2Mi2'b
"2+QK#BM iBQMX 1p2M 7Q  i?2 P@ 2H i2/ +QKTH2t2b BM e>@ aE
#v BMi2MiBEQBKHAHPMi iBQM- +QmH/ MQi +Q 2 ISTGHMNHIPX?2 b T2
PM i?2 Qi?2° 2 M/- 7Q" i?2 2TBH v2 Q7 e>@aB* b KTH2- MQ K
BKTm Biv Bb [mBi2 HQUO® iwRBAR BHVQ K HHv- hB@ 2H i2/ +2Mi2"
“ /B iBp2 "2+QK#BM iBQM- H2 /BM; iQ bi  QN;j}- 22M B h ? 2H"OKEB M 2
/IQT2/ e>@aB* BM/m+25 OTQ@ nFM Bi[ juy MK M/ 9Rj MK- "RHR +iBp2}
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6B;m 2 8XB9QIQHMKBM2b+2M+2 BMi2MbBivQ7b KTH2"E M/aL@|
/IBQ/2H b2 r b BKTH2K2Mi2/ bi?22t+Bi iBQMbQm +2X h?2 H b2
Kg M/ i?2 "2H i2/ BMi2;" iBQM iBK2 r b Ry b2+S @GBWERMbBNB2B i i?
i BM7" "2/ bT2+i°" H > M;2r2°2[mBi2r2 F7Q  #Qi? b KTH2bX

"mi MQM2 Q7 i?2K "2 b?QrM BM Qm  SGX 6m i?2" 2pB/2M+2b r?B+
T QKBM2Mi BM+HmMmbBQM Q7 0 M/ * BKTm BivBM QmMXRKTH2b r2°
r?22°2i?2HQri2KT2 im2Uh48 EGCGCOT 2@ BMY7 #Q/i? #mHF bm#bi” i
M/7@arR*2 b?QrMX g2 + M b22 i? ii?2irQ x2°Q T?QMQM HBM2b ~
+2Mi2° i° MbBiBQM Q7 o BM i?2 ?22t ;QM H M/ [m bB@+m#B+ bBi:
T M;REYr2°2 MQi T 2b2MiB/GEBK WM2K2Mi "2bmHibX AM //BiBQM-
bi'QM; x2°QT?QMQM HBM2b ~Q mRVI)RR XnRiB22 6 vQ* RXRINT BA(; r2°2 MQii
T 2b2Mi2/ BbiP2+i° Q7 Qm b KTH2b 2Bi?2°'X hQ +QM+HmM/2-1i?2"2
BM+HmMbBQM Q7 i?2 #Qp2 K2MiBQM2/ }p2 ivT2b Q7 BKTm ' BiB2b-
MQi TH v M BKTQ'i Mi QH2 BM i?2 + ""B2" /vM KB+bh BM i?2 b KT
bim/vX //BiBQM HHv- Bi Bb rQ i?v K2ZMiBQMBM; i? i i?2@Qm +2 K
aBR2TBH v2 ;"Qri?-r b ;"QrM #v i?2 KQ/B}2/ T?vbB®@HQQTQ i~ MI
K2i?QR§X b H'2 /vK2MiBQM2K BjMBVh#b22XT 2 BK2Mi Hb2iiBM; Q7
J@SoK2i?Q/- M //BIBQM H; b TBT2Bb BKTH2K2Mi2/ BM i?2 + m+|
;b T? b2 BKTm ™ BiB2b 7Q° /QTBM; r?B+? "2/m+2b i?2 mMBMi2MiBC
bB;MB}+ MiHVX

5.6.2 Surface roughness test

g2 "2 r "2 i?SiGBb /2T2M/2Mi QM i?2 bm 7 +2 "Qm:?M2bb #v irQ 7QF
TQr2' M/ 2ti° +iBQM Q7 2KBii2/ HB;?iX h?2 7TQHHQIBM; "2~2+i M+
QM i?2 i?°22 b KTH2b b?Qr i? i /Bz2 2M+2b BM "2~2+i M+2 #2ir22
b KTH2b /m2iQ bm 7 +2 "Qm;?M2bb Bb Km+? bK HH2 i? Mi?2 +Q"
QBGBMi2MbBiB2bX h?2 K2 bm 2K2Mi “2bmHib "2H i2/ iQ i?2 "2~:
b KTH2b r2°2 bmKK "Bx2XRBRARGEB#HQiI? i?2 BMi2;" iBM; bT?2 2 UBM
M/ i?2 ;QMBQK2i2  rBi? M BMUB42BW WEH2 272 TTHB2/X LQi2 i
i?2 BM+B/2Mi M;H2 7Q i?2 BMi2; iBM1bhK?222+bMbb2R BD i HbQ

i?72 "2~2+i M+2 Q7 #mHF B@ABKTH2M/;2M2° HHv BM i?2 > M;2 Q7
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U#V

6B;m 2 8XRR2 2~2+i M+2 K2 bm 2K2Mi "2bmHib Q7 b KTH2 "E- a
Uv MBMi2;" iBM; bT?2°2 UPG dyy@dR e@AM+? AMi2;" iBM; a
rBi? M BM+B/2MI0M;HQIQ7? i i?2r?Bi2 HB;?i s2ZMQM H KT r b T
i?72 2t+Bi iBQM bQm ' +2 7Q" #Qi? K2 bm ' 2K2MibX

iQ yXj9X g2 7m’i?2 bmKK "Bx2/i?2 "2~2+i M+2 K2 bm 2K2Mi "2
UBM+B/2M10 M¢#52Y BM @BBGRk?2°2 i?2 bi M/ "/ /2pB iBQM QM "2~2
Ugoo+i \MM2Q7 1?2b2 1?2722 b KTH2b rBi? /Bz2 2Mi BM+B/2Mi M;H2l
#2 b22M i? i ++Q /BM; iQ i?2 "2~2+i M+2 K2 bm 2/ #v #Qi? BMi
i QMBQK2i2°-i?2 /Bz2°2M+2 QN ji®@ ME 222 2MI+2E M/ aL@Rfk Bb
Hr vb F2Ti BM i?2 b K2 K ;MBim/2X h?Bb BM/B+ i2bi? ii?2 bm™
i?72 /QKBM Mi + mb2 Q7 i?2B" ; 2 i BGBRVN2VMMEBIiQM IMQi?2" 2pB/zZ
r?B+? + M T °Qp2i? ii?2bm7 +2 "Qm;?M2bb Q7 i?2 e>@aB* U"
romH/ MQi p 'vbQ Km+? + M #2 HIQKQmMM/ BM+RZX o #Qmi
BM+ 2 bBBIGBRMI2MbBiv Q7 i?2Z @Gha@*TQQIMNKBM; M MQTBHH ~ bi m+
i?72 b KTH2 bm 7 +2X 7i2 i?2 ~ib KTH2 ? b #22M T ' Q+2bb2/ iC
i?72bm’ 7 +3GBMi2MbBiv? b #22M BM+ 2 b2/ #v 88W #mi biBHH 7
+QMi” bi UBX2X- =9y iBK2b /BGRM2M 2K Q ¥2iiT E2&BIKDPH2 M/

i?72 #mHF bm#bi” i2 "2TQ i2/ BM i?Bb i?2bBbX
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6B;m 2 8XRR2 bi M/ "/ /2pB iBQM QM “272%MNFDKTH2 "E- aL@
R krBi? /Bz2'2Mi BM+B/2M0i iMH2r?P200K i?72 2bT2+iBp2 K2 M p Hm
Q7 i?2 "2~2+i222iUM+2V 12 +? BM+B/2Mi M;H2 ? b #22M K "F2/X

5.7 Summary

AM i?Bb "2b2 "+?-r1r2 ? PQOAKmMMKP2IUNIBK2@ 2bQHp2/ T?QiQHmMK
M2b+2W +2% K2 bm 2K2Mib-@QKi2Q0+2Mi bB HB+Q¥eor KFB2Zb aL @
Rfk br2HH b #mHF e>@aB* bm#bi~ i2 Ub KTH2 "EVX "v TTHVBM
/2+ v }iiBM;b QM i?2 K2 bm 2/ T?QiQM /2+ v +m p2b- Bi Bb "2p2 |
i?7°32Z7Qm" "2+QK#BM iBQM +? MM2Hb BM aL@Rfk M/ "E- "2bT2+iB|
# b2/ QM M2} iBPi@ b "2H i2/ + B2 /vM KB+b KQ/2H ? p2 +QM
i?72°2 "2irQ "2+QK#BM iBQM +? MM2Hb 7Q 2 +? b KTH2 "2H i2/iQ
Ei=E;, +2Mi2 b r22E2 +2Mi2°b "2 i?2 +QKKQIM+MR;i2BlpB® e>@aB*X
AiBb7QmM/i? ii?2E2BM0BRIAN2QiM BM "EBbirQ Q /2" b Q7K ;MBim/2 "
i? Mi? iQ7 aL@Rfk-r?B+? + RGRMINAMBHBIVBBIM2ZE +QKT "2/iQ aL@F
bi2 /lveabi 2 "2+QK#BM iBQM KQ/2H Bb TTHB2/iQ bim/v i?2 "2H
.S b2T " iBQM /BhirWMH2/L5 HB72iBKY bhM/2° HQr BMD2+iBQM H2p:
T@aaBKTH2b-r?2"2i?2bBKmH iBQM "2bmHib ? p22M #H2/ mb iQ +
aL@k ? b bHB;?iH® 7B;MBBiBQM T Q# #BHBiv i? MSiGBMQZMa@ @ R- B
bBiv Bb biBHH HQr2" #2+ mbE,€E bH\BY Bidw QEK; 722/ iQ aL@RX h?E
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BM/B+ i2b i?2 /2BAbBiB2b+Qii+B H 7Q  i?2 /2i2 KBMQBQMBY7 i?2
b KTH2bX 6Q b KTH2 "E- Bib 7 bi2bi /2+ v +? MM2H KB;?i #2 I
m:2° 2+QK#BU_BGMW2HHBWQH2+mH ~ 2+ QKABVANBEQMBIBQM-
/m2 iQ i?2 HBKBi iBQM Q7 Qm’ +n "Q6hi220iT2 BXKEMR2 HnM #H2 iG
2ti° +i 1225 HB72iBK2 Q7 "E r?B+? Bb 2tT2+i2/ iQ #2 [mBi2 HQWV
/IBb+mbb2/ ?2Qr i QEA2E, 22MD Biv /m BM; i?2 + vb¥ @ aBXTH DX
AiBb7QmM/i? ii?2 BRI+2Mb2 Q7?B+? Bb + m+B H7Q. 22 2M? M-
"2+QK#BM iBQMHEBM ++ QKT MB2/ #v i? 2EB M+ HATIRBQOK QM //B @
iBQM- i?2 /2MFBivBO7QmM/ iQ #2 b2MbBiBp2 iQ *faB /m BM; i?2
7m i?2 @QTiBKBx2/i /2@Qz “2; “/BM; i?2 /DmbiK2Mi Q7 i?2
7@aBb "2[mB 2/ 7Q i?2 BKT @PRiIR2MiHQ[m 2A2i m KB ZABR M + v
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CHAPTER é

Photoluminescence guantum
yield of 6H f-SiC

bBMi"Q/m+2/ BMRFP?ZI2°QTQb2/ MB&rlr?RibBbib Q7 i?2 aB* #BH
BX2X2@+Q@/QT2/ M@iHM)@/QTRaBMi2;" i2/ rBi?i?2 MBi' B/2@#
Llo G1.X"vQTiB+ HHv TmKTBM; i?2 aB* #BH v2 'LIBi B 122 MBi B/
7TQSG2t+Bi iBQM-i?2r?Bi2 HB;?i 2KBBb B rBI?B2B2Y #v i?2 +QH
KBtBM; Q7 i?72 Q" M;2@Vv2HHQrBb? M/ #AHan'Ma@L; @2 HQ B QHBL 2?1 7
aB* Hv2 - "2bT2+iBp2HvX Ai Bb rQ i? MQiBM; i? i i?2 T QT2  +
TiBQ Q7 i?3Gb@2+i° 7 QK i?2 aB* #BH v2 . rBi?2HBZR#BWI iBQM
"2;BK2b Bb + " m+B H*7@r?BR2BB2?i ;2M2° iBQMX AM 7 +i-i?2 BM
Q7 i?7Qb2 irQ HC2IQFiIIBM; Qmi Q7 i?2 /2pB+2 /2T2M/b QM irQ 7 -
i?2 bi +FBM; b2[m2M+2 Q7 i?2 aB* #BH v2 - r?BH2 i?2 Qi?2 Bb
[mM MIimMKvBZHDYBX2X2 " iBQQ7i?722KBii2/ T?QiQMbiQi?2 BM+E
Q7i?2 2bT2+iBp2 aB* bBMLW2HQ @/ XT 2/iZB* Bb biBHH mM/2" /2p.
Bi Bb 2bb2MiB HiQ /ISIQEKBVM@eER?2 2 iSLE@AQL@ HQ@/QT2/
aB*H v2  M22/biQ K i+? i?27Q K2 " BMim " Mb Q7 i?2 #BH v2" bi
bi?2 i?B+FM2bb Q7 2Bi?2  bBM;H2 H v2'X PM i3 Qi@ ? M/- |
M/ L@ bi?221Q7 i?2 MBi B/R2I@e#5h2L@ HOQ@/QT2/ aB@ aB/*
"2bT2+iBp2HX1 Q721?72 /2pB+2 Bb i?72 T'Q/m+i Q7 i?7QBX2X°22 2{
/2pB2 Llo O L@ H & LeX LQi2 i@ jip BM/B+ i2b i?2 TQ iBQMb
Llo HB;?i #bQ #2/ #v 2 +? aB* H vVRZLh QR P@ B *%¥2Bb +im HHv
2T 2b2Mi2/SHo B ithB MA@ aB3F 1?72 HB;?2i bQm  +2 r?B+? M22/b QTiB+
h?2°27Q°2 FMQBEEMY A2 @ aBbr Q7 ;72 i BKTQ i M+2 7Q  i?2 2p Hn
i?72 mTT2 HBKBLZQDV?2?2 2MiB L i?BApB+2X AM i?Bb +? Ti2 -
[2KQMbi® i2 i?2 2tT2'BK2Mi H K2i?Q/QHQ;v “2; "/BM; iQ i?2 /2
SC@AQAMWRiIivTBaBKTH2bX AM //BiBQM-r2 HbQ ;Bp2 i?2 2tTH
T?vbB+ HK2+? MBbK +Q "2bTQM/BM; iQ i?2 BN @BQZNG ABYr2" /2

6.1 Overview

6.1.1 Determine PL-QY by integrating sphere

h?2°2 "2irQ + i2;Q B3 AQKARZM 2K2Mi QM ~mQ 2bBXAKK i2
i?72 °2H iBp2 M/ #bQHmMRD)R 6TMBIM2DK iBp2 i2+?MB[@2aB*bi M/
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b KTH2 Bb M22/2/3$%202BBibH 2 /v FMQrMX Ai Bb "2[mB 2/i? ii?2 bi
7@adPQmH/ ? p2 bBKBH "~ 2t+Bi iBQM- #bQ TiBQM M/ 2KBbbBQM T
iQ#2 K2 bm 2/X aBM+2BiBb /B{+mHiiQ 7mHHV/MTHB+ i2i?22tT2"
i?72°272°2M+2 bT2+i° Q7/i®@2RA W& bm 2/ BM Qm  H #- BM i?Bb “2b
r2 /QTii?2 #bQHMIi2 i2+?MBE@2ZKL7 @Mi2K2Mib® aBF bQHB/

i?BM JHK b KTH2 rBi? ?B;? 27" +iBp2 BM/2t- i?2 Bbbm2b Q7 MBL
M/Tr p2@;mB/BMRQBHMH/ ;"2 iHV z2+ii?2 ++m’ +8Q@®IZ2 “2bmHil
K2 bm 2K2MiX /B 2+ibQHMIiBQMKB;?i#2 K TTBM;i?2 HB;?i 2KBb
/Bbi"B#miBQM r?2°2 i?2 ° iBQSG2KBD BBIQMi 20 iSHE2ZRBBIRBQM

+ M #2 /2i2 KBM2/ #v 272 "BM: i?2 2tT2 BK2M3I G2 t+@M BB Mb "2 H
/2i2+iBQMX >Qr2p2 - i?Bb bQHmMIiBQM Bb [mBi2 +mK#2 bQK2 M/ M
rQFHQ / Bb "2[mB 2/ M/ i?2 BMi2 p H Q7 i?2 bQHB/ M;H2 M22/b i
PMi?2 Qi?2 2 M/-BMi2;  iBM;bT?2 27 b#22M 2+Q;MBx2/ bi?2k
7Q° K2 bm BMG @27 bQHB/ i?BM&AE)Kb(v BKTH2K2MiBM; BMi2;  iBI
bT?2'2 BBI@XKL2 bm 2K2Mib- HH i?2 2~2+i2/ M/ 2KBii2/ HB;?i + M
r?2°2i?22+QM+2"M 2; “/BM;iQi?2 M:mH GZRBDMBZIMHR QM Q?2Q M ; 2
M22/2/X h?2°27Q°2-i?2BMi2;" iBM;bT?2°2# b2/ K2 bm 2K2Mibvb
TTHB2/ BM i?2 /2i2 kSEEMDIRQM @B/ i ?BMRBEREX h?2 # bB+
i72Q°v Q7 BMi2;  iBM; bT?2°27? b #22M BAMXR/m+2/ BM am#b2+X

6.1.2 Two-measurements approach

h?2°2 "2 irQ ivTI2b Q7 K2i?Q/QHQ;v # b2/ QM BMi2;" iBM; bT?2 2
Hmi2 /2i2 KBMSIB QRREWB X2i% " 22@K2 bmRIKRMFOYR M/ irQ @

K2 bm 2KRBEEKRE) TT Q +?22bX AM 7 +i- i?2 irQ@K2 bm 2K2Mib
T QTQb2/ #v CRI? MREBMDb /2 Bp2/ 7 QK i?2i?°22@K2 bm 2K2Mib /2,
#v /12 J2RHQROX h?2 b+?22K iB+ /B ;" KQ7i?2irQ@K2 bm 2K2Mib

b?QrM BM i?2 U V. UstR@7 BBPQHP2b irQ b2ib Q7 820 M Bx iBQI
rBi?2Qmi ~mQ 2b+2Mi b KTH2 M/ U#V rBi? ~mQ 2b+2Mi b KTH2 #21
q?BH2 i?2 QMHV /Bz2 2M+2 #2ir22M i?2 irQ@K2 bm 2K2Mib M/ i?"
i? i i?2H ii2> TT'Q +? +QMi BMb QM2 KQ 2 IB262AR2 BM+Bi2Mix iBC
HB:?i #2BM; Qz i?2 /B 2+iBQM iQr /b i?2 ~mQ 2b+2Mi b KTH2 b b
27RYX G22i2KR8)y? p2 i?72Q 2iB+ HHvV T°Qp2/i? | BR2@ZHm2b Q7 i
/2i2 °KBM2/ #v i?Qb2 irQ TT Q +?22b "2 B/2MiB*REbAMBRZ U+V Q
MQ Qp2 H T #2ir22M i?2 2t+Bi iBQM M/, 2 KB/I2HBOM b2T iR BV 2 @

> i2/ HMKBM2b+2M+2 BMi2MbBiv Q7 i?2 BM+B/2MirBi?8miBQM #2
i72~mQ 2b+2Mib KTH2 #2BM; TH +2/ BMbB/2i?2 BMi®;" iBM; bT?2
“2T 2b2Mib i?2 BSIGBMiPMbBiv Q7 i?2 ~mQ 2b+2Mib KTH2X LQi2i?
K2MiBQM2/ MQi iBQMb Q7 i?2 BMi2;  i2/ HmMKBM2b+2M+2 BMi2Mb|
J2HEQ BROX h?2 p HMBGQWIZZMQi2/ #yrBi? i?2 irQ@K2 bm 2K2Mib

TT'Q +? Bb 7Q KmH 6 3R¥AMX/UBiBQM- i?2 2p Hm iBQM Q7 i?2 "2H
i BMiv Q7 i?2 irQ@K2 bm 2K2Mib TT QeXR BB2ARpIM #MA[X U

Up, 2T 2b2Mi i?2 "2H iBp2 M2 MBMI2RQT2+iBp2HvVX
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sg= ——— UeXRYV

U, ° UeXkV

Usg= 4U§c + L7U|_

6B;m 2 eXR\V rBi?Qmi b KTH2 M/ U#V rBi? b KTH2 KQmMi2/-r?
Bb TH +2/BMi?2 +2Mi2° Q7 i?2 BMi2;" iBM; bT?2 2X U+V, i?°22
7T QK iI8B @2 bm 2K2Mi r?B+? "2, i?2 bT2+i ' mK Q7 H b2 bQr
2tT2 ' BK2Mi H+QM};m” iBQM b1Qr/bBNMMW i¥b ®id BMi2;" i2/ HmK
+2M+2 BMi2MbBivc i?2bT2+i mKQ7H b2 " bQm ' +2 mbBM; i?2i2bi
i?72 "2H i2/ BMi2;" i2/ HmMKBM2b+2M+2 BML2MIPEBI@GbER2 +2 TMEb2Mi:
Q7 i?22 b KTH2 rBi? i?2BOGBMi2VMXYBiv HB2HHQI2H? i i?2 H ii2°

irQ bT2+i° "2 "2+Q°/2/ bBKmHi M2QmbHvX h?2 ?2Q BxQMi H /

BM/B+ i2b i?72 x2 SGBRpP2M b@B1vX
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h?2 bT2+B}+ iBQMb "2H i2/ iQ i?2 PG dyy@dR e@BM+? /B K2i2
2KTHQV2/ BM i?Bb "2b2 “+?2 7Q " i?2 /Q20KBM i /RQNB & T H2d
2 p2 #22M BMi Q/m+ 2//XBMi@ B HbRFN2 ? b iQ #2 TH +2/iQr /bi?2b K
TQ'i QM i?2 2/;2 Q7 i?2 BMi2;  iBM; bT?22°2X b2iKHRY Q7 7 +i-
bm:;2bi2/ i? ii?2 irQ@K2 bm 2K2Mib TT'Q +? Bb T°272°°2/ B7 ~m
#2BM; TH +2/ i i?2 2/:2 Q7 BMi2; iBM; bT?2°2X Ai Bb #2HB2p2
+? " +i2°'Bx iBQM Q7 i?2i?°22@K2 bm 2K2Mib TT Q pRGr?22°2i?22 |
BMi2MbBiB2b ‘2 /2BBMIP{2/ 2bT2+iBpRHA iRR2/ 7 QK bQHB/ i?BM
JHK b KTH2 + M #2 M2:HB;B#H2 B7 i?2 7TQHHQrBM: irQ 7 +iQ b 2
i? ii?72b KTH2 Bb TH +2/ ii?22/;2 Q7 i?2 BMi2; iBM; bT?22°2 r?2
Q70?2 b KTH2 + M #2 2t+Bi2/ #v i?2 /IBzmb2/ 2t+Bi iBQM bQm +2 [
QTiB+ H TmKTBM:X h?2 Qi?2° 7 +iQ  Bbi? ii?2 "2 Q7 i?2 b KTHZ
i72 222+iBp2 2 Q7 i?2b KTH2 + T #H2 Q7 #2BM; 2t+Bi2/- Bb [mB
i?72 "2 Q7 i?2 2MiB 2 /Bzmb2 r HBX @ K2 MBWM2RMi b2imT- i?2
b KTH2 Bb KQmMi2/ QM i?2 2/:2 Q7 i?2 BMi2;" iBM; bT?22°2X h?2 2
b KTH2 iQ #2 +? ~ +i2 'Bx2/ Bb HBKBi2/ #v i?2 "2 Q7 i?2 TQ i Q7
r?2°2i?22/B K2i2 Q7 i?2 TQ i BPXXRMWX 8 KX D7Q 2-r2 /2+B/2/iQ /(
irQ@K2 bm 2K2Mib TT'Q +? BM i?Bb “2b2 +2?2X

6.2 A solution for PL-QY determination of f-SiC

6.2.1 Experimental design

bi?2 BMi2:" iBM; bT?2 2 BTHBRELBMIQDK2Mib Bb /Bz2 2Mi 7 QK i
Q'B;:BM H QM2 b?QrM BM i?2 BXR2WP#NV2Q2HBEH{RT2/ M2r 2tT2 B¢
K2Mi H /2bB:M # b2/ QM i?2 irQ@K2 bm 2K2Mib TT Q +? r?2°2 b
2 p2 #22M K /2X AM SGRIKBBRBQM 7°QK M ~mQ 2b+2Mi b KTH2
#v M BMi2;  iBM; bT?22°2- r?2°2 i?2 b KTH2 Bb TH +2/ i i?2 +2Mi
+ M #2 /BpB/2/ BMiQ 7Qm" bT2+ib /2T2M/BM; QM i?2 +QM/BiBQN
M/ /2i2+iBQMXGRARBbbBQM Bb +QMbB/2°2/ iQ #2 +QHH2+i2/ mM,
iBQMBOX2K QMi@2t+Bi iBQM@7 QMi@/2i2+iBQM U616.V- 7°QMi@ 2
UBLl".V-# +F@2t+Bi iBQM@7 QMi@/2i2+iBQM U"16.V M/ # +F@ 2t-
U"1".V b b?QrM BKG B QG2 i? i r2 i7@ atB K THR%ZX®@ aBFBH v2°

M/ e>@aB* bm#bi> i2- b r2Q@Z2MEKBM iBQMX h?2°27Q°2i?2 K
bm NG@ZuM MQi 2T 2b2MiSI®@®@ Z@7H 720 aBFBH v2 - r?2°2 i?2

H ii2> Bb 2tT2+i2/ iQ #2 HQr2 i? M i?2 7Q K2  /m2 iQ i?2 #bQ Ti
#2 § SG2KBbbBQM #v i?2 bm#bi> i2X L2p2 i?2H2bb- i?2 2pQHmMIiBC
bm BG@2ZuM biBHH 2T 2b2Mi i? i Q7 i?3 GTEBANXKTD i Rivv H

HQM: rBi? i?2 p 'B iBQM Q7 i?2 BM+B/2Mi #2 K TQr2'X " +F iQ i
i?2 +QHHRG2X/BbbBQM b?QréB/M EVXS®B2@ Z2i2 ' KBM iBQM QM
7@aABKTH2b-Bir b 7QmM/i? ii?2 HMKBM2b+2Bb2 BRQDMMBI@Q 7 -
/2i2+i #H2X hrQ + mb2b +QmH/ ++QmMi 7Q  i?Bb- QM2 Bb i?2 2t+
H “;2Hv ii2Mm i2/ r?2M Bi "2 +22b iQ i?2 ® MEPBHM2H@ arR22 M
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6B;m 2 eX&Qm™ +QM};m” iBQMb "BK2RBbQBDYM 7QQB KTH 2
WBX2ZXDaBTFBH v2 Y e>@aB* bm#bi~ i2V- r?2°2 i?2 2tT2 BK2Mi t
[2°Bp2/ 7°'QKGRZ2i2 KBM iBQM mbBM; M BMi2; iBM; bT?2 2
6B, me2XRHVX b 7Q i?2 bm#b+ BTibSETHB?M M K-206Q7 6"6- 616 M
6.6 2T 2b2Mi 7°'QMi-# +F-2t+Bi iBQM M/ /2i2+iBQM- "2bT2+iB|
Q7@aBKTH2 272 b iQ i?2bB/2 Q7 2TBH v2'X

bm#bi> i2 7°QK # +FbB/2- i ?2CGQKB0 bBQIMZ QK i?2 #Qp2 K2MiB
i2°7 +2 2 b #22M HbQ ii2Mm i2/ r?2M Bi T°QT ; i2b i?°Qm;? i?:
>2M+2i?2°2 "2 HiQ;2i?2 }p2ivT2b Q7 HmKB M BHGZRAL2TIRF i~ m
i* Q7i?2 Q'B:BM H M/ ii2Mm i2/ 2t+Bj iBOPM #RTK 2B ?2bAMi2/-
M/ SdGes. ] SGis. j SGis - BM Q /2 iQ 2ti" +iDGKATHEBHXH? Qrb

i72 2tT2 ' BK2Mi H /2bB;M # b2/ QM i?2 PG dyy@dR e@BM+? /B K
7Q  iSBE@72i2 ' KBM iBRMaABMTH2b BM i?Bb "2b2 “+2X LQi2i? i |
bT2+i"QK2i2  U* a R9y"- AMbi"mK2Mi avbi2Kb :K#>Vr b +QMM2+
K2MEPS7Q  bT2+i° "2+Q /BM:- M/ =/FRMKH B2s@jd8 >S1V r b
mb2/ bi?2bQm +2 Q7 i?2 2t+Bi iBQM #2 KX Ai Bb rQ i?viQ K2\
#2 KTQr2 r b+ HB# i2/ #v K2 bm BM; Bi ii?2b KTH2 TQ i rBi?
UbK2MiBQM2/ BiMj&k#d2@ X2 ai2T R 9 BM Q /2  iQ 2Mbm 2 i?2 b
TQr2  7°QK i?2 "242+MMKBIii WP+ h?2 bT2+i° "2+Q°/2/i?2°Qm;?
1p2 bi2Th (BIG@ZKL2 bm 2K2Mi ‘2 bmKK “Be2@#BBMHT2%B}+ iBQMb.
h FBM:; i?2 K2 bm 2K2Mi "2bmHib Q7 b KTH2 aL@k rBi? i?2 BM+
# b2/ QM i?2 2tT2 BK2Mi H b2im&@XGBQMI2B NK BIB2X i?2 K2 bm 2/
bT2+i° /2}M2/ BAKR2#X?QrM B MXBB ; X

6.2.2 Data processing algorithm

AM ai2T R-i?2 _2~2+i M+2a@Mib BMi Q/m+2/ BjM a¥nk# b 2B @
bi HH2/ QM i?2 b KTH2 TQ i 7Q K2 bm BM: i?2 Q B;BM H bT2+i"
r?2°2 i?22~@aib mb2/ 7Q > T 2p2MiBM; HB;?i H2 F ;2 i?2°Qm;? i?.
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6B:m 2 eXjB ;" K Q7 i?2 KQ/B}2/ 2tT2 BK2Mi H>T@ &L2bm 2 @ 7
K2Mib D@aBKTH2bX U V ai2T R, i?2 K2 %KM iQT pB2r Q7 i?2
BMi2:  iBM; bT?2°2/m BM: ai2T RX U+V ai2Tlk jMiI?2¢Ks2-bm 2K 2 Mi
r?2°2 i?2 #2 K r b /B 2+i2/ iQ i?2 pB+BMBiv BX¥2#RQKIT KBHQM Qi L
KQ/2V 7Q  ai2T kcX U/V ai2T 9, i?2 K2 mai2K284i Q2 8G bm 2@
K2Mi Q%SG r?2°2i?2 #2 K brBi+? FMQ#r b b2iiQ +QKT "BbQM KQ.
bi2ThX
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6B;m 2 eXPOM2 b2i Q7 bT2+i° 7Q  i?2 2tSGCE@BQM QBIMBM+B/2Mi
TQr2 U?2°2i FBM;i?2K2 bm 2K2Mi '2bmHib +Q "2bTQM/BM: iQ
TQr2° Q78Kg b M2t KTH2VX ++Q /BM; B@i®@ KB BDm27K2MQ 7
bmKK "Bx2/ BMREXbT2+i° "2+Q /2/BM ai2TR@j 2T 2b2Mi2/ B
i?72bT2+i° "2+Q /2/BM ai2T9@8 2T 2b2Mi2/BM U#VX LQi2i?
UV ii?2 T 2/2}M2/ M "Qrr p2BXGNY@#M32MK- "2 T 2b2Mi2/ B
BMb2i U @BV-r?2°2i?2 2bT2+iBp2 MQ K HBx2/bT2+i° "2b?Q
BMb2i UU@@BBY b?2Qr i?2 xQQK2/ irQ bT2+i" ijéy@08y MK M
i ONy@d39 MK ~ M;2- "2bT2+iBp2HvX
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ai2T aT2+i " mK hQr /b _M;2 *QMM2+i2/ "2 K
MQ X M K2 b KTH2 TQ' i Q76PS arBi+?

la ».q() ., rB/2
R a_"-qa 2~@ail s 2~X a KTX

la el ) ~2m@all g qr -
k l616.-L-BM1/) b KTH2 ?QH/2° M “"Qr _2~X *QKTX
: l616.-L-/") . M "TQr

7T@aBQMi 2~X a KTX

J l616.-q-78( ) @ Q rB/2 -
9 loie. () 7@aBQMi . .
8 ) T@apsE B2 h> MX QKTX

h #H2 eXR?2 T°Q+2/m’2 Q7 "2+Q ' /BM; QM2 b XN @@ bi2+@ 7Q i?
KBM iBQM@XMBKTH2 mbBM; i?2 2tT2 ' BK2Mi H +QM};meX¥BQM b?Qr
LQi2 i? ii?2 6rB/26 M/ 6M ""Qrd KQ/2b miM/27D _iMj8yxrd39 MK
M/ jNy@d39 MK- "2bT2+iBp2HvX 6g6 M/ 6L6 BM bm#b+"BTib Q7 b
"2H i2/iQ i?2 6rB/26 M/ 6M ""Qr6 KQ/2b b2T " i2HvX 6BM/6 M/ 6.
BM/B 2+i M/ /B '2+iBM+B/2M+2 Q7 i?2 2t+Bi iBQM #2 KQMi?2 b K
TH2 ?QH/2° KQmMi2/ r?B+? +Q "2bTQM/ iQ i?2 +QKT 'BbQM KQ/2
KQ/2 Ub KTXV- "2bT2+iBp2HVvX(AM chitBiBQPK2-"2 "2+Q /2/ mbBM;

i?72 b K2 T " K2i2" bRXZEBW2; iBQM iBK2- iBK2b Q7 +QHH2+iBQM
P.@}HQ " MQi- M/ bIQr2(djleie.-L-/)jle16.-L-76() X

la »qjla L "2i?22irQ bT2+i° "2H i2/iQi?2 Q'B;BM HbQm '+2 #2 K
/Bz2 2Mir p2H2M;iBX2M2bB/2 KQ/2 Uj8y@d39 MKV M/ i?2 M ~"Qr |
UiNy@d39 MKV- "2bT2+iBp2HvX LQ K HHVP.® }@QIaBb mb/2MbBiv }t
r?2M K2 bm;BNM;BM Q' /2 iQ T 2p2Mii?2 #bQHmMi2 BMi2MbBiv Q7 Bil
i2°2/ ijd8 MK 7 QK 2t+22/BM; i?2mTT2 /2i2+iBQM HBKBi Q7i?2Q
>2°27r2;Qii?2 2tT 2bbBQM Q7 i?2 BMi2;" i2/ BMi2MbBiv Q7 i?2 Q' E
i MKLYUV b?QrM BMAMXrB2 2 2@&i72 b iQ i?2 "2~2+i M+2 bT2+i ™ n
Q7 i?22~@Xil

32 MK
a0
2-@a)/
369 MK
AM i?2 UV @X8B2XbT2+i K QyZ/g-r?B+? BM+HmM/2b i?2 bT2+i m
Q7 $G. rb HbQ K2 bm 2/ mBi@)JiPR26 QK i?2 MQ K HBx2/ bT2+i mK
l616.-q-/5-b?QrM BM i?2 U @BEN2Q7NB2R i? i #v //BMR22
i72 HBM2 bPs162,Q& Bb z2+i2/ #v K#B2Mi MQBb2 /m2 iQ Bibr2 FBM
/IBiBQM-i?22 irQ bT2+i° T 2b2Mi2/BMBIRRAY #V Q7 682K+ ?
"2~2+ii?72 BM7Q K iBQM Q7 i?72 HBMg-b? I@k. 2 H2 bZ/2i€ BSp2 H v -
r2"2 K2 bm 2/ rBi?Qn@ JiRR2AI + M #2 2tT2+i2/ iP. @BHI22
/12] Im BM; i?2 K2 bm 2K2Mib Q7 i?2 #Qp2 K2MiBQM2/ irQ bT2+i
K2 bm* 2/ BM 61". +QM};m" iBQM rQmH/ #2 HbQ z2+i2/ #v i?2 K#E
i?2bT2+i'mKK2 bm 2/ BM "16. +QM};m” iBQM rQmH/ #2 T Q# #Hv 1

La= UeXjV
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/2i2+iBQM HBKBi Q7 i?2 QTiB+ HbT2+i'QK2i2°X b +QMb2[m2WN
i?72 bT2+i° r?B+? r2°2 mb2/ 7Q S2G2KBbBMBQINM2DT2+i~ rBi?Qmi /|
i?72P. @}HX2AM Q' /2  iQ 2bi #HBb? i?2 +Q "2H iBQM #2ir22M i?2
(Bij2Bi?2Qmi P2B}Hi2b+ HBM; * iBQ Ua*_V 2tT @h®B b A 2D[R /X
LQi2i? ii?2p HM2b Q7 #Qi? +Q k ROWPZTMi bl BARIEKBH ~bBM+2 i?:
Q7 ii2Mm iBQM "2bnfHi@} H@E?22+QMbi MiX ++Q /BM:Hv- i?22 2t
SGbT2+i° “2H i2/iQ i726616)."16. +QM};m" iBQOM ? p2 iQ #2 b+
JQrM #v 7 +iQ Q7 a*_ BM Q /2SG@ K HW*MKQRB}2/ 2tT 2bbBQM -
SG@ZABb b?QrM BRXB[X?Y 2 i?72 p H2Q@Bb /2MQi2kdVv M/

Pee1". J Pesie. | Peris. 2727 1Q i?72 BMB2GBMIA2ZMbBiBgalh Q)7j SG

SG1". ()i SGie.()- 2bT2+iBp2HvX

78RM K 78RM K
1 |a_*—q( )/ 1 |616.—q—/B(‘ )/
_ 390 MK 390 MK
a*_= > TaRMK + > TeRMK UeX9V
la =()/ lere.-L-1e")/
390 MK 390 MK
_ 1 Pee1v. + Pesis. + Pem16.
SG=
a*_ La L¢
78RM K UeX8V
1 SGi. ( )+ SGie.( )+ SGie. ( )/
_ 450 MK
a*_ La LC

6°QK i?2 BMb2i U QeBXBY Q MO, X i? i i?72 HBM2 b? T2b Q7 i?2
Q7 i?2 2t+Bi iBQM #2 K KRrBm? @ miBPr2@ } H B XPX+_qjla .-
"2bT2+iBp2HvV "2 B/2MiB+ H- M/ bQ "2G2RBHOBDM-iBiQ B 152
+QM};m’ IBIQMWsjleis.-L-/e8VX Ai Bb +QM} K2/ i? i bT2+i° "2b+ H
#v i?P.@}HT2; "/H2bb Q7 r p2H2M;i?- ?2M+2 Bi Bb "2 bQM #H2
SG@ZuH+mH iBQMX h?2 mTT2® HBKBi Q7 i?2B/MR2&39 #HVr p2H
r?B+? Bb HbQ b?QeMA@NWAL [KbU +im HHvV + mb2/ #v i?2 HBKBi iE
QTiB+ HbT2+i"QK2i2 X Ai BbHGBMBI2pPh B IVI@PHPRTH2b rBi?
rp2H2M;i? b?2Q i2° i? M i?2 HQr2° HBKBib @ R8BXBEBiy2MKHWb BM
+ M #2 M2;HB;B#H2X AM i?2 &WiB2iBlb @B Q0 GOR;Xi? i i?72 bT2+
Q7 i?2 2t+Bi iBQM #2 K? b i BHT "ir?B+? +QMbBBiywe®TI irQ b
MK M/d8dX9 MK M/ irQ # Q / T29ybMK M9%dy MKX h?Bb i BH
T i Bb biBHH /BbiBM;mBb? #H 2@\ L7e2+IT 22h ThQMOEFMN;GQ i?2
2KBbbBQM 2t+Bi2/ #v 616. +QM};m” iBQMX >2M+g;8( Bb 2bb2N
7 QK16 .1./BX G i2° r2rBHH b?Q16i? )i S® #2 "2+Qp2 24/ #V)XG
aBM+2:9G) M/ SG- () "2 BM/m+2/ mM/2" i?2 b K2 2t+Bi iBQM -
rBi? i?2 bQm ' +2 #2 K BM+H{B7T@MBPBH B2  BMi2'7 +2- i?2 HBM2 b
i?7Qb2 irQ bT2+i° b?2QmH/ #2 B/2MiB+ HX AM ai2T k- i?2 b KTH
7Q }tBNaBKTH2r b BMbi HH2/ QM i?2 b KTH2 TQ i-r?2 2 i?2 H
K2 bm 2/ bT2+i " mK BMsi@ Bbgif BTbUrQMbB/2 2/iQ 2T 2b2Mii?2 H
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Q7i?2i BHT "iQ7i?22t+Bi iBQM #2 KiX JQ RQQ2"2THABDMIRi?2

i BHT "iQ7i?2 2t+Bi iBQM #2 K-li?2 HBIM 52 Fadb QUHB;?2iHvV

/Bz2 2Mi b b?QrM BM i?2 BMbXDU 20BBNV#QHBBpPR i? i i?2 HBM2 b?
QWs16..L.8mBb KQ 2 "2T 2b2Mi iBp2 Q7 i?2i BHT i Q7 i?2 2t+Bi iBQ
BMsis..L./8X AM ai2T J-@MBKTH2 r b KQmMi2/ QM i?2 b KTH2 ?2QH/2°
i?72 2TBH v2 bB/27 +BM; iQr /b i?20s KT/H2TQ pR BRI Q/m+2/

i? i i?Bb bT2+i mK +@Mi( BMBBIGr b K2 bm 2/ rBi?QmiP JGBM; i?2
JHiX J2 Mr2BH2- #v 12+Q y/BM?2B+2 r b K2 bm 2/ BM rB/2 KQ/2 rBi?
i?2P . @}HiDM2 + M Q#i BM i?2 BMi2; i2/ BMi2MbBiv Q7 i?2 ii2Mm
7i2SG2t+Bi iBQW b b?QrM BMXEKX U

3@ MK
Lc= l616.-q( )/ UeXeV

369 MK

AM ai2T 9 8- i?2 BM+B/2Mi H b2 #2 Kr b }#2° +QmTH2/ iQ i?2
6PSr?2°2i?2 #2 KbrBi+? FMQ#r b imM2/iQ i?2 +QKT 'BbQM KQ/2
HB;?i H2 F ;2X AM i?2 BMeXI%IPRA@RVFQOH-2BB2Xd8 MK BM 2Bi?2"
bT2+i mBRKK®IXs. jlgr. V Bb "2H i2/ iQ i?72 K BM T2 F Q7 i?2 2t+Bi iB(
r?B+? ? b #22M H “;2Hv ii2Mm i2/X b i?2 HBM2 b? T2b M/ i?2 #
Q7 i?2irQ bT2+i" i jey@98y MK "2;BQM "2 HKQbi B/2MiB+ H- B
i?7 i MQi?2 T2 F +2MBRY2MK Bb MQi i?2 TSGIXBIRXEBQM @ QK
aB2TBH v2 ' X AM7 +i-i?2 2K2 ;2M+2 Q7 i?Bb T2 FBb +im HHv + |
#bQ TIBMRH i2/7@&B*2MiB 2 e>@aB* # b2/ bi'm+im 2- r?22°2 i?.
#bQ TiBQM Q7 i?2 HB;?i rBi? T?QiQM 2M2 ;v ?B;?2" i? Mi?2 # M
2tT2+i2/X AM i?2 BMb2ieX# @@ BVi DZ BB IKBM2b+2M+2 bT2+i mK "~ 21
SGig. ()X br2 FMQr i?gS(G BbBM/m+2/ #vi?2 BM+B/2Mi #2 K 2t+B
ii?2e>@aB*bm#E@a282BH v2' BMi2'7 +2-r?B+? Bb/Bz2 2Mi 7 QK i’
Q7 i?27 QMi bB/2 2t+Bi iBQM rBi? i?2bQm +2 #2@ &BBBHB2ZM+2 i
BMi2 7 +2X h?2 HBM2ch @ )TRbQ@AB+i2/ iQ /Bz2° 7°QK i? i Q7 i?2 2B
SGbT2+i mBRK2XEGs ()] SG1-.()V rBi? i?72 7°QMi 2t+Bi iBQM +QM/B
h?2°27Q°2i?2 7Q 2K2MiBQM2/ K2i?Q/ "2H i2/ iQ¢i32bh/E2+i mK bTF
Bb MQi TTHBI+ B2 AMbi2 /- i?°22@bi2T T'Q+2kbMbr?®rM BM 1[)
BKTH2K2Mi2/ 7Q" i?2 2ti~14iBYXME6@7bSBv- a pBixFv R@H v }Hi2 (
Ua: }Hi2°Vr b mb2/ 7Q 1bhKQBPEBNL i?72 ° M;2 Q7 INy@d39 MKX a2+
i?72 bKQQi?2/ +m p2r b }ii2/ #v bBM;H2 bF2r MQ 'K H /Bbi'B#miBC(
aE@L.VX G biHv-i?2 }iiBM; T~ K2i2 Q#i BM2/7°QK i?2T 2pBQmb
BKTH2K2Mi2/ # +F iQ i?2 bBM;H2 bF2r MQ'K H /Bbi'B#miBQM 7m
Q7 8G. () i 98y@d39 MK ~ M;2X M 2t KTH2 "2; "/BM; iQ i?2 2ti’
SGis. () Bbb?QrM BM i?2 BX¥8Q7 6B;X

. . iiBM: T K2i2'b
|"15_()j490 784 MK a:}HIP! ’aBM,HZ aE@}I'_'.hfi I

!}iiBM: T K2i2’ %BM;HZ aE@L. Mg@%NQQMSGle.( )

UeXdV
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6B:m 2 eXBt KTH2b Q3GBZ2+i" 2ti° +iBQM- ?22°2 i FBM: b KTH?2
i?72 BM+B/2Mi TQr2° Q7 8 Kq 7Q" 2t KTH2X -4 V)1#i b 24BQW Q7 ¢
1[XedMic U#V 1ti° +iBQM(Q74SK2/ QM EDX3@WURy U+V 1ti° +iBQM Q°
SGis () # b2/ QM ERXRE@XR K

6Q  ai2T 8- i?2 "2H i2/ K2 bml12{-bV2#i?RKE@ +iBp2 bT2+i" H
;BOBIX28y@d39 MK- Bb +QMIBE2KRHOBIPM bT2+i mKi> MbKBii2/i
e>@aB* bm#bi® i2-r?2°2i?2i° MbKBii2/i BHT "iQ7i?2 2t+Bi iB
HB;B#H2X >2"2- i?°22@bi2T T Q+2bbr b /2p2HQTRYX @AM ?2 2ti
i?72} bi M/ b2+QMi-bi2MFi?2 i° MbKBii M+2 bT2+i' mK Q7 e>@aB*
BXEX-Vr2°2bKQQi?2/ #vi?2 a pBixFv :QH v }Hi2" ii?2SG@ +1
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6.2.3 Relative uncertainty
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APPENDIX A

Python code for calculating the
essential parameters of 6H-SiC
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O# M/; TQ7e> aB*
O7Q HQr2KT2 imf2mM/QTaB*
1n;nQ B;BM H 4 jXRy 20
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O ++2TiQH2p2H @ 2Mi2%"
1n . 4 yX83 20
Oln .4 yXdj2o

01772+iBK2bbQ72H2+i QM;) U'X S2 bb@WM HX-C SRNNdV
OGBMPIIT,ffrrrXBm@mrB2XMX i fT?f v H2ffMQ/2X¥%ki KH
Kn2n277 4 yXdR Kny

01772+iBK2bbQ7?QHRF;) UXh aQMi HX-S_"kyyyV
OGBMPIiT,ffrrrxBm@mrB2XWX i fT?2f v H2rM Q/2¥ki KH
Kn?n277 4 yXNy Kny
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n 4 9

OLmMK#27+QM/m+iBQNWKB M B K
Jn* 4 e
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Oi?2p HmM@Q7MIL/@Q@ M/i2KT2"  im 2
/277nMyUM- Ln.- Ln - i2KTV,
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Mynb2 BRB4UV
7Q MYyBMMTX ~ M;2UMfMmKnbi2T- MYMfMmKnbi2T- MfMmKnb
O01772+iBp2MbBi@7bi i2bBM+QM/m+iBQW/(+K@ j)
Ln+ 4 k Jn* Uk MTXTB Kn2n277 F i2KTf? kV RX8fR2
01772+iBp2MbBi@7bi i2bBMp H2M#2M/(+K@j)
Lnp 4 k Uk MTXTB Kn?n277 F i2KTf? kV RX8fR2e
L bn+R 4 Ln+fk MTX2tTU@1n.*RfUF i2KTVV
L bn+k 4 Ln+fk MTX2tTU@1n.*kfUF i2KTVV
L bn? 4 Ln+fk MTX2tTU @1n.>fUF i2KTVV
"2bmHi 4 Ln. L bn+RfUL bn+RYMyVYLn. L bn+kfUL bn+k
L bn?2YMyvV@Ln @My
Mynb2'B2bX TT2M/U 2bmHiV
"2im " Mynb2'B2b

/277nTyUM- Ln.- Ln - i2KTV,

Tynb2 B2iB4alV

7Q TyBMMTX ~ M;2UMfMmKnbi2T- MYMfMmKnbi2T- MfMmKnhb
O01772+iBp2MbBi@7bi i2bBM+QM/m+iBQW/(+K@ j)
Ln+ 4 k Jn* Uk MTXTB Kn2n277 F i2KTf? kV RX8fR2
01772+iBp2MbBi@7bi i2bBMp H2M#2M/(+K@])
Lnp 4 k Uk MTXTB Kn?n277 F i2KTf? kV RX8fR2e
Lnbi ° 4 Lnpf9 MTX2tTU@1n .fUF i2KTVYV
"2bmHi 4 Ln Lnbi “fULnbi "YTyV@Ln.@Ty

Tynb2 ' B2bX TT2M/U 2bmHiV
"2im Mynb2'B2b

O6MM+iBDQMbQHpBMW2 M2mi~ HBAym iBQM
/277BM/nx2 " QUMyV,
7Q B/tBM M;PMmKnbi2TfkV,
B7My(B/t) My(@R@B/tyQdMWi,BMm2
2HBMyY(B/t) My(@R@B/t) 44 vy,
B7My(B/t) 44 vy,

2imT B/t
# 2 F
2HDb?2
2im NMImKnbi2Tfk@B/t@R
#°2 F
2Hb2

B7My(B/t) My(B/t@R) = vy,
B7 #lUMYy(@R@B/tyMUMYy(@B/t)V,
2im MWmKnbi2Tfk@B/t
#°2 F
2HDb2
2im M mKnbi2Tfk@B/t@R
# 2 F
2HDb2
B7 #HlUMy(B/t)V #lUMy (B/t@R)V,
2im MB/t@R
#°2 F
2HDb2
T2im T NB/t
# 2 F

O7mM+iBDOMBMi ' BMbB+ B2+QM+2Mi" iBQM
O07Q'e> aB*rBi?/B772 2MAKT2 im 2

i2TV,

YMyVvVYLn.

i2TV,
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/27MnBUhhV,
4 @3XR3kR9
4 kRXdy3R
"2im MRy U URyyyfhVvyY"V

OS ° K2i2'PQ'u "b?MB[m iBQM

O7Q# M/; Th? BMFBpMX i2KT2" im 2
4 3Xk2@9 20

## 4 RX32j

O7TmM+iBDM2772+iBp2;+ H+mH iBO@VTZY

O+QMbB/iZ2# M/; To? BMFBMb2/QM

ORV/QTBMkVi2KT2" im 2

/271;nMULNn+- Mny- Ln.- hV,
Lnbi "n+R 4 Ln+fk MTX2tTU@1n.*RfUF hVV
Lnbi "n+k 4 Ln+fk MTX2tTU@1n.*kfUF hVV
Lnbi "n? 4 Ln+fk MTX2tTU @1n.>fUF hVV
Ln.nTHmb 4 Ln.fURYMnyfLnbi "n+RVYLn.fURYMnyfLnbi "n+
Lnbi "n?V
/2Hi nln+ 4 @kjXjR ULn.nTHmMbfR2R3V yXjjYkXke ULn.nTH
/2Hi nlnp 4 keX8d ULn.nTHmMbfR2R3V yXk8 YyX9j ULn.nT
/2Hi n1ln; 4 U/2Hi nln+@/2Hi nlnpVfRyyy 2o0c
# M/; T 4 Uln;nQ B;BM HY/2Hi nln;V@ Uh kVfUhY##V
“2im N# M/; T- /2Hi nln+fRyyy 20- /2Hi nlnpfRyyy 20)

/271;nTULnp- Tny- Ln - hV,

Lnbi ° 4 Lnpf9 MTX2tTU@1n .fUF hVV

Ln nKBMmb 4 Ln fURYTnyfLnbi "V

/2Hi nln+ 4 @kRXdd ULn nKBMmbfR2R3V yXk8YyXR ULn n

/2Hi nilnp 4 @kdX33 ULn nKBMmbfR2R3V yXjjY9Xe ULn nK
yX8Y8yXRj ULn nKBMmbfR2R3V yXk8c

/2Hi ni1n; 4 U/2Hi nln+@/2Hi nlnpVfRyyy 2o0c

# M/; T 4 Uln;nQ ' B;BM HY/2Hi nl1n;V@ Uh kVfUhY##V

"2im N# M/; T- /2Hi nln+fRyyy 20- /2Hi nlnpfRyyy 20)

OGQQM2KT2  im(B
/277°22* *"B2° "“Ub KTH2V,
O*'2 i2i?2/B+iQ7My i /B772 2M2KT2  im’2
MynhB +UV
B7b KTH2 34GaR]
b KTH2 34GaR]
b KTH2 34Gask
b KTH2 34GasH,
MynBMBi 4 b KTH2b(b KTH2)(y) @ b KTH2b(b KTH2)(R)
7Qh BMMTX ° M;2Uk8- jRy- R8V,
Mn/B74MynBMBi
r?BHBA m2,
Mynb2 47nMyUMn/B7- b KTH2b(b KTH2)(y)- b KTH

RQ $
R} $
Q" $
R

B7Mynb2 (y) Mynb2 (MmKnbi2Tfk@R) 44 vy,
B7Mynb2 (y) 44 vy,
Myntb¢( UhV)4Mn/B7fMmKnbi2T
#°2 F
2Hb,2
Myntlh¢( UhV)4Mn/B7

kVYLn.fURY

mbfR2R3V
HmbfR2R3V

KBMmbfR2R:
BMmbfR2R3"

2b(b KTH2)
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#°2 F
2HBMynb2 (y) Mynb2 (MmKnbi2Tfk@R) = vy,
B7Mynb2 (y) =GMnymM/2 " i2/
Mn/B74Mn/B7 8
+QMiBMm?2
2Hb20OMnyQp2"" i2/
Mn/B74Mn/B7fRy
+QMiBMm2
2Hb2
BM/2t47BM/nx2 " QUMynb2 'V
Myntb('UhV)4UBM/2tYRV Mn/B7fMmKnbi2T
#°2 F
"2im NMynh
2HBD KTH2 334GaR|R@ $
b KTH2 34GaRJR® " $
b KTH2 44GaR]Re

MynBMBi 4 Ub KTH2b(b KTH2)(R) @ b KTH2b(b KTH2)(y

70 ' h BMMTX ® M;2Uk8- jRy- R8V,
Mn/B74MynBMBI
r?BHRA m2,

Mynb2 47nTyUMn/B7- b KTH2b(b KTH2)(y)- b KTH

B7Mynb2 (y) Mynb2 (MmKnbi2Tfk@R) 44 vy,
B7Mynb2 (y) 44 vy,
Myntb( UhV)4Mn/B7fMmKnbi2T
#°2 F
2Hb?2
Mynih( UhV)4Mn/B7
#°2 F
2HBMynb2 (y) Mynb2 ' (MmKnbi2Tfk@R) = vy,
B7Mynb2 (y) =MnymM/2 " i2/
Mn/B74Mn/B7 8
+QMiBMm2
2Hb20OMnyQp2" " i2/
Mn/B74Mn/B7fRy
+QMiBMm2
2Hb,2
BM/2t47BM/nx2 " QUMynb2 'V
Myntb( UhV)4UBM/2tYRV Mn/B7fMmKnbi2T
#°2 F
"2im Mynh
2Hb2
‘2im NILQbm+® KTIBR

/27T?2vbS " QT1IMi'vUb KTH2V,

O T?vbS QT.BiJ7 22* "BR MX " vUMERx2 QbReVMEx2 QbR gV-

o) 1# M/: T MX > vUMXEx2 QWReVMRx2 QR & V-
o) 172 KBG2p2HIX > vUMREx2 QbR eVMRx2 QbR &V
T BMj>2 2+QK2b KTHZYb KTH2
Mynh 4 7°22* °B2° Ub KTH2V
7Q% BM' M;BPRNV,
i2KT 4 i R8YKS
Ln+ 4 Jn* k Uk MTXTB Kn2n277 F i2KTfU? kVV RX
Lnp 4 k Uk MTXTB Kn?n277 F i2KTfu? kVV RXS8

F2v 4 bi'Ui2KTV

VIR2e

2b(b KTH

8fR2e
R2e
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B7b KTH2 34GaRRQ $
b KTH2 34GaR]RQ $
b KTH2 32Gas8ki) $
b KTH2 34Gasy,R

#/;n " 4 1;nMULNn+- Mynh(F2v)- b KTH2b (b KTH2)(y)- i2KTV
#1; 4 #/;n " (y)

#/;n2o0 4 #/;f20

1nB 4 U#/;n ““(y)Y#/;n " (R)Y#/;n ~"(k)VfkYyX8 F i2KT MTX
HQ;ULnpfLn+V

BMi B 4 MTXb['iULn+ LnpV MTX2tTUU@#/;VfUk F i2KTVV

Ty 4 BMi'B kfMynh(F2v)

/2Hi n1n6 4 F i2KT MTXHQ;UUMynh(F2v)@TyVfiBMi BV

1n6n2o 4 UlnBY/2Hi ni1n6Vf2o0

2HBD KTH2 334GaR]JRQ $

b KTH2 34GaR]JR® " $

b KTH2 44GaR]Re

#/;n " 4 1;nTULnp- Mynh(F2v)- b KTH2b(b KTH2)(R)- i2KTV

#1; 4 #/;n " (y)

#/;n2o0 4 #/;f20

1nB 4 U#/;n "~ (y)Y#/;n " (R)Y#/;n ~ " (k)VfkYyX8 F i2KT MTX
HQ;ULnpfLn+V

BMi' B 4 MTXb['iULn+ LnpV MTX2tTUU@#/;VfUk F i2KTVV

My 4 BMi'B kfMynh(F2v)
/2Hi n1n6 4 F i2KT MTXHQ;UUMynh(F2v)@MyVfBMi B
1n6én2o 4 UlnB@/2Hi niln6Vf2o
2Hb,2
"2im N1TTQ, MQbm+® KTH 2
T BMJi2KT &y,j'- 7°22* ""B2&R,e®e 72 KBG2,p&HK,9XYy- # M/: T
&), 9IXH]IX7TQ KUiI2KT- Mynh(F2v)- 1n6n20 Ryyy- #/;n20 Ryyy
T2im T N.Q M2

bB+R 4 T?2vbS QT 1MiaRIWR
T BMJOOOOOOOOOOO0O0O0O0O0OOOOOOOOOOONOIOOOOOOOOOOOC
bB+k 4 T?vbS QT[lMia RIS
T BMJOOOOOOOOOOOO0O0O0OOOOOOOOOOOOOIOOOOOOOOOOOC
bB+j 4 T?vbS QT 1M3aRrlVe
T'BMJOOOOOOOOOO0O0O0OO0O0O0O0O0O0O0O0O0OOOOON0IOOOOOOOOOOOC
bB+9 4 T?vbS  QTJUNsid RBVd
T'BMJOOOOOOOOOOOO0OO0O0O0O0O0O0O0O0OO0OOO0OOON0IOOOOOOOOOOOC
bB+8 4 T?vbS  QTJUNsid RWB/3
T'BMJOOOOOOOOOOOOOO0O0O0O0O0O0O0OOOOOOON0IOOOOOOOOOOOC(C
bB+e 4 T?vbS QT|lNGia 8RN
T BMJOOOOOOOOOOOOOO0OOOOOOOOOOOOOIOOOOOOOOOOOC
bB+d 4 T?vbS  QT[lNia 8 R

\Y

\Y

DOOOOOO0OO0C

DOOOOOO0OO0C

DOOOOO0OO0OOC

DOOO0OO0OO0OOC

DOOOOO0OO0OOC

DOOOOOO0OO0C




APPENDIX B

Matlab code & Simulink block
diagram for negative- mcenters
related carrier dynamics

GBbiBM; "KR2, J iH # +Q/2 r?B+? Bb K BMHv mb2/iQ ;2M2" i2 H
T K2i2°'b BKTH2K2Mi2/ iQ i?2 aBKmHBMF #HQ+F /B ;> K 7Q" °
| +2Mi2°b "2H i2/ + ""B2  /vM KB+b bBKmH iBQMX >2"2 r2 i F2
2bb2MiB HT ~ K2i2°'b7Q  i?72 bBKmH iBQM Q7 b KTH2 aL@R b

70 'K HQM;c

WVE2vT ~ K2i2 ' BQ imMBM;

*iBQ 4 8¢

sf W' iBQ#2ir22MB;K nTM/bB;K nM

WT QTQ iBQMR/272+ib2MbBiv

W bbmKBMW2/2MbBiBRK1kG>
Wb? "2n% yXykc

2l WhBKZ2 BQ7Q bBKmH iB@M

aBKnhBK2 4 R2@9c

Wa KTHRT2+B7B+ i|B/QMaL@ R

I W.QMQ+QM+2Mi" iB«X\® j)
si Ln. 4 NXy2R3c

W ++2TiQfQM+2Mi" iBHK\N@ )
Ln 4 9X92R3c

W1TBH v2?B+FM20H8
i?2n2T 4 982@9Yk8y2@9c¢

W1tTQ.2+ ABii2/T °~ K2i2 b
R 4 yX9kk99ec

s/ IR 4 yXyRjjyjk2@jc

k 4 yXkeRdd9c

s ik 4 yXy3d88eR2@ijc

j 4 yXR9ee38¢c
ij 4 yXe8j9d92@ijc
vy 4 yXyNdkydec

W1[mBHB# BHMX+i QMM+2Mi"

"2 +QKT °

i BICK\@ )

#H2
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