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Ti, N X2 4H-SiC EGIEEZ M EE KK EXY
PiN ZiR‘EE MR E MR L E"

EHEHVD WA KLED FHD KD
ZHEDT K EFIRDT K E A2

1) (R R RRLSE S TSR, 1 200444)
2) (hERABEIR NGB AR SR EDFGERT, F7 215123)

(2020 4£ 6 A 15 HU#; 2020 4 9 A 9 HikEIENH)

XU B IR A B ™ HE B A T AH-SIC XU RL 8% A5 40 PIN TR A A A 7 AL, HEROUAL R HL -8 o)
S ST 2 A i RE T AL B AL B4 i ] ORUR BB A R, BN BRI RS 2 T A R T AL R
o AR AT A S R 2 e A T 9 B L D 1 s B K e R R 7 B R B SN SR /A R BT AR SR H
B, BB A Or AT S Z AR, B R At — DR IR v 2 T i D 7 R . BRI E TR Ak
JEE A BRIREE J% i 2 B B G AR, (R EE AR B T Bk RALB A S v 2R S5 H Y 4H-SiC PiIN ARAE, I
TEIE T[] HL U 4% B2 100 A /em?® B9 25 A5 T 455 10 min, I i FEIE 1] R R Rl I 18] ) 228 1. 55 To 2 wh R 454 | 105
W RAB 22 e b R 45 H 19 4H-SiC PIN A 1L, & 8k ZB A0 2 o )2 50 AR A9 1 1o s R AR E PR A 3

TH G

KA 4H-SIC, Ti 2%, Eaimde )z, XU LR L

PACS: 71.20.Nr, 81.15.-z, 73.40.Lq, 85.30.De

1 3

kAt fiE (silicon carbide, SiC) XUk %Y #% {4 4n
PiN AR B RIAL T 1F ) g e i, PSR 2
BE I [R] 3 O, 3ok A BE Ry XU IR b IR 4R
2001 4F |, Lendenmann %5 M B KR T X Fh SiC
MR ARG, 51 T AR SiC OB A g1
s TR AR AR RS T LA B T SEPE IR R DG . 9T
B, SiC ) e B L )2 A nd JE T 7 45 (basal plane
dislocation, BPD) J&BOM AR 1k AR A J A -
TEHR T2 KB A4, BPD & kAo 45
(Si-core partial) H## TS 20 H e HI Y 25

il
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(Shockley-type stacking fault, SSF) ¥ &, 5 &4
430 R RH A 3 B XU AR A LR B T
SiC HL g HL g 4 ) A o PR TR ) 2 e, Sl Y ik
o AR DGR R —.

BEXF N SIC IS A i i AR #% 2 1) BPDP,
9T & B3 R 3458 BPD 7EAMIE)JZ /4ob I AT AL 7]
T I 4E (threading edge dislocation, TED) ff
AR BRAREERS )2 Th ) BPD %1, nl A4 35Ukt 62
By 10 5341, BPD-TED #0075 52 AN E 2 /
IS, HeAL BPD %5 B2 iy, 75K IE [7] HL 3t 25
FET B (2570 BEA S il -5 X
BTEMAL A, TS S 248 e U T, #F
5% BT s Al KOH. Ji it S 5 (R Ak Ao JIE 2R
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T 32 Th A E A K R D K ) r = 2E K S R T
B 510 7] P 5 BPD-TED #4b%. Haitik)s
[ANMIEA: K Z5 AT A4S SiC AME)ZH1iY BPD %
JEREZR 0.1 ecm 2 PAF; £ X} 5 4, Mahadik 45 1]
P& H R 2 A IS 22 (814 A — 2D 7 F5 4w i
o2, A AL E] IR BPD-TED #4647 53
b )/, A Bl R A AR B -5 X
BA, Ikt 285d .

2 A Bl 5 5% v 2 I 44 FR S5 BT 2016 4R
Tawara 55 12 f . fEE R EKER (N) 8
2% (Ng = 9.3 x 10 em™®) W77, 22058 i 1G58
B E A R AR 4H-SiC 2 i b1 v, H
ZEIRAE N 38 ns, 7.7 x 107 cm 3 HIBIREAMHT
) 250 ns @ FEAG. 7EUCILRE T Hl & 0 e kg
N B2 wh 2451 PIN W4, K25 3 B,
10 pm, Ny = 1 x 108 cm 3 E-SHRZE 21
PiN & 5% 0.12 pm, Ny = 4 x 107 cm 3 &
B HGTR R 02 PIN A M H, TR ERERR
FEMEAR I B, BIMEE7EJLE A em? HLUJE
TR/, TSR A L 10 mV
(18 A/em? M3k 45 14 ). 2017 4F | Miyazawa 55 [
WFFE & B, M HAL SR B N 4824y i 4 2% s i
BL (V) EK (Ti) BIIART 20 BRI MIE 2 /b5
Ffir. N 5 x 108 cm 3 DL V B2k
7 x 10" em 3 &M T, AMERERADFHEMKE
13 ns!™. 2019 4F, Murata % 5 gk — B 5715 5]
%24 pm NFIV EBIRGWZZE (N; =1 x
10" em 3, N, = 1 x 10" cm3) i 4H-SiC PiN —
WAETE 600 A /cm? 1E [m] HL I %5 BE 45 N 4EFF 1 h,
FAERFABE A 20 mV (486 A /cm? Ui
251F). 2017 4%, Tawara %5 19 il N, ] (B) L&
=) )5 Aok 4H-SiC SMEJZE /D F A AL R 30 ns
IR (Ng =6 x 10" ecm3, Ng = 8 x 106 ¢cm?),
JEHGI S N, B B b 2450 (Ng = 4 x
10" em™®, Ny = 7 x 107 cm ™, 2 um) AY1E [ R
FasE B PIN — 84, 600 A /cm? 1E [ HL i % B
ARF 1 b, A RIZHY .

L L, X SiC iR T I 4 m B AR AR
R R P AE B AR . SiC e GaN 3 A
AT L 3 e R R A R R R e gl T
CARMER T S IR E R E 100 em B L. V 2
5 —ANE SiC AR TR REGURME 0 R BEAK L HR
O G MBI TR, B R,
V 7E 4H-SiC H Pt 24 i, HEZ Eie (n Y

SiC H) A E, — (0.81—0.97) eV, )i FHES (p &l
SiC H) N E, + (1.3—1.5) eVITI8, J53RpfeA F A=
KHER ML, SiC - 4 S i 15 32 R FH 7E & 26
AT B AAAE LB TR REZL Y ok i, 5
mnAEKAH L, R A2 S A DT (chemical vapor
deposition, CVD) 1 SiC ZME A= K 525 5 X 7% it
M98 2 W B2 AT G MERE ). bR V TR LIAh, TiJo
R R R FRAR LR vh )2 i 1 F5 i 191, A
S CVD A 254 rhegs UL Re o V8 4 Jm 2 o, R0 Sk
7R Ti 76 n 8 4H-SiC th &= AR A5z £ hEY
E.-0.12 eV fil E. - 0.16 eV[920, Miyazawa 4 [1%]
PSR EE R N, NBARKEE 5 x 101 cm 3, Ti$
FURBE 5 x 10" cm ® & MF T, SMEZE R T 5
AR 11 ns. X BEHITE AR FFar RCR Jy i,
Ti B4 5 VBARCERMIE, JF HA T BEH A 2L
SR, AL AT Ti 8285 5 1R 22 v Z A9 AR 2,
H s Jok AR e, H ik, A X SicC
CVD A E £ S S _Lo i i Ti 844 < ik
17 TiBIMESLR. ST T Ti B4k E
Bl Ti Y EE R Ui B AR AR R, JF & T & T, N
ez wh 245 R ) 4H-SiC PIN Z WA, X HIT
AR R E M T TN, 455 R, Mt
AR Z N PIN WA UL RS RIE N 8
FAG AR v 2K PIN THAY, & Ti, N dB 2
BRI ERY PIN S TT SRR fFE M
FRET B ek

A SiC X ALR B R B IR ARG R 5—6
AF, Al IR GERFR B TR G 2 AL | BRBERELL L IRk
RGBSR 2l 3 RIS e A5 T A R, ORI
X} SiC AMEZ M) BPD % BEFE TR S 2K, Fifi
H SiCAMER AR 4 R, XA ZOR BLAE T AT LA
. I TUAESRA 56 SiC XURGE LIS fORF 5T ik
1 A TR YE AN 8 ) BPD-TED #4k 07 55 AR )
JEEEY R R HLEE ) RS AN SR A AR A DL A
ST S HERE SR, AR TAEWIAIESL T Ti 824
52 YEORGE PR 2 AT R, AR LA — 20 %)
R AR W Z A5 Y SiC PIN A iR 1k
G TIF IR ABIGE, W% )2 85Tk, LAY
ISR TS R RS RS

2.1 4H-SiC EBRERZHRERIMNEEK
ARSI BT FH AT RSS2 Si 1T 4° 4 i (11-20)

037102-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 3 (2021) 037102

J7 T B nt A 4H-SiC 4 in (1 in = 2.54 cm) Bl
ﬁtE, #1434 15 mm x 15 mm E/]ﬁﬂ:ﬁ/J\H‘, [A] Jo
HMESIIFE F B 4 in L UHEE CVD R
Geh AT (K 1(a)). A S5 R A A4 KR A
1575 °C, H5® K 75 Torr (1 Torr =~ 133.322 Pa);
R HI SiH-CyHg-Ho-HCL KW AK %, b H i
30 slm (1 slm = 1 L/min), SiH, i & & 15 sccm
(1 scem = 1 mL/min), HCI {ii & 200 scem, K
A 58 um/h. FMEBZ AR (Ny) IS
DU ALER (TiCLy) FIVE N YRR Ti PR, 2. B KA
PESRNIB A SAMRE 3 — B =T i 8 4 A T
LS %, W A FEIE A BE D 45 ©, BEESHRTIS 6 mm,
PR A Ko R P 218 5ERS (29 2 r/min).
Sy 3 R P SR FH B R A XSURR e R Ao 75 5
1T Ti$84%, i Ti AR B E 1(b)
FE 1(c) Frzn. 78 Ti Az 2, TiCl, &
I3 (Pyy) R HLFH 4548 (electronic pressure
controller, EPC) [# % & 800 Torr, Wi i & i Fl
N 19.1-20.7 °C. 38 1 4% MR U AR 5 A A
(mass flow controller, MFC) AJ 45 il e 2 E A s %=
[y TiCl, BE/R Vi, M2 SiC AR Ti 325

(a) Carrier gas and precursors

Gas injector
Nozzl,
‘/ ozzle
/ RF coils

. - Substrate

® b Susceptor

» < “ Hot wall
Outer wall
of reactor

Temperature
control

JE. R e Hy AEEVR, SEABURAY R Fy
(MFC1 #l) # T1 U5 H0R, 00 P50 5 7. B0 5 55
— KA Fy, (MFC2 #iil) 1R G . 550 B A
[ AY 2, RURREE B rh R B TR & SR A — 3
g1 F3 (MFC3 #) B9k A SO %, 18 H T3
I Ti B2 EE I AMIE A S5

4H-SiC PiN A Z5 M Th & G 1R % w21
N BB C/Si = 0.7, Ny il 8 4 200 sccm
ARG, BARIEN 1.01 x 10" cm™®; Ti 8
FA PR Ti B A K S s 1o e, K fs
1 3.1 WA B bR R 2 pm, ISR RIRRE
412 pm, C/Si = 1.0, FRIEME N BIKE R
2 x 106 cm 3,

2.2 4H-SiC PiN — & #H1&

Sz il £ 19 4H-SiC PIN W4 s & #
WE 2(a) Fizs. p JZE5H H B FEA K. TRIM
AR AL BV A RS YR B 43 A1 h 6 4n
K 2(b) iR, £45% 300 nm, ALHREE 1 x 10" cm 3
M) ptJZ A1 200 nm, ALK E 1 x 10% cm 3 B9 pt*
2. Ho pt R AL E R, ptZE R T

Reactor
Temperature o

control

- {Primary gas supply}—

EPC
Z

L

X Gas exhaust
Bubbler with
TiCly source

EPC
F3 1 Vent
& Primary gas supply
=
=
Reactor

[

Bubbler with Gas exhaust

TiCly source

B 1 (a) AH-SIC OVD SNER £ 7 258 Ti 457 (b) B BRI () AURE 4% B 7 25
Fig. 1. Schematics of (a) the CVD reactor for 4H-SiC epitaxial growth, (b) single-dilution pipe and (¢) double-dilution pipe of TiCl,

gas delivery.
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(a) Anode electrode (b) 1021 /
ptt 1x1020 cm—3 TRIM
p+ 1x10Y9 cm—3 1020 o™,
- “n,
" o 1019k 500°C i, .
Dt e 5 RETEN sl
X cm— 3
W 1018
¥
< 1017k
nt
1016 F
4° off-cut 4H-SiC substrate
0.02 Q-cm 1015 1 1 !
Cnthode electrod 0 200 400 600 800 1000
athode electrode {%f{/nm
Bl 2 (a) & Ti, N ILBE w250 SiC PIN R 4578 K (b) TRIM B AL TR A M 4 R4 #i

Fig. 2. (a) Schematic of the cross-sectional structure of a 4H-SiC PiN diode with Ti and N co-doped buffer layer; (b) box-profile of

Al concentration by TRIM simulation.

500 °C BETRIEA T2, PETE A SERLZ I SRR A
#H47 1650 °C, 30 min AIKTE IR K. BT IR SR T
SiC RS, 1B KETTERE & b SR i
FEZE Eb & T . 1R KR BRI 45 B R
BLH e 2l A A B R T2 6Bk, AR T it
1200 nm Ni £ )@, 76 Ny S F 1000 C iR
K 2 min, 5H n-SiC I BRI fik; L FLAR DT
FLUTi/Al (30/100 nm) 4 )@, 78 Ny 5 FE T 950 C
PR K 2 min, 5055 # pt-SiC 1B B Mk it
Hefil. FEAXBOR R, & LT RS EAR N
320—820 pm. N F L A TR 2% pp 2 X 4H-SiC
PiN A IE [l Pk REAS S P A2 e, A S5 [ et o]
T TG ZE R A RS s N BB h )=
A, BrgzopZ4h, HAh 2405 5K 2 M.

MRIRIE S | AL
AH-SiC R JZ G2 iR KR T Nom-
arski UG AT RGN, 38 3o 3 TR A i B 1) 4 RS
AT AT A0 2 JE B KR RS & C-V il
HARIBEERS R B IR FE S Y T1 B 44K E L
JeFEAIX ) AL R BE I R B+ i (secondary
ion mass spectroscopy, SIMS) M3k 75; F FH &
JE R e B XA /R b2 45 4H-SiC PiN
TR HEAT HLAE IR, WESE 100 A /em? HA I
TR E 10 min J5 PIN 248 1F [ 9 A5 AR 1
Bl AREEAR, SiC PIN A (¥ 1F ] Ha AR e PE AT
JHtE JIT P L ) L 3 2 BE A DG . AR SE SR R 100 A /em?
IXASSCHR HP Ay R I A A B, DG A
[F] 2% w2 4544 1) SiC PIN M 48 22 18] 1F ] [k f&fa
EMER S, FE, AR F- S REEG &R

2.3

B TR B It S FL I 2 R LA R S A A% B R 24T
Sl PN i R ST WS 1 R AL

3 HREpAT
3.1 TiBZZEMENEK

BRI T, #EA RN Z A TiCly BRI
nricl-s (mol/min) AJ H F =0 HRE:

Fy Prici,
Vo (Pow — Prict,)
A H, Pric, A TiCly ZERIE, Py, MIEE T,
F\ 2 MFC1 ¥ il i 2E A J5 B 20 & (scem),
Vin = 22414 cm?/mol.

XRERESEAE T, #EA N 2 1Y TiCly BRI
nricl,-p (mol/min) A H T A
F3 Fy =
7mF2+F1(1+P)P’ @)

(1)

NTiCly-S =

NTiCly-D =

Prici,
(Pows — Pric1,)’ ®)
K, Fy i MFC2 il il — L B IR B8R
T, Fy OB IE Hh MEFC3 58 1 i fe 20 A
JE R A A

AR RS WUR B Ti B2 S Hn sk 1 gl
HFRERE TiCl, BE/RTLEVEREIN 7.25 x 10 7—2.90 x
1075 mol/min, XUk TiCl, BE/RILETEE N 8.95 x
107—1.62 x 10°° mol/min. XUH B4 F 1Y Ti
B 2R BN U 5 TiCl, BE IR i BOH B0 %
ARELMCR, WE 3 s, E b EER U WU
FERECHE AT RIS, 15 B RBR N 1.2,
W& T 1.0, EITh B AUE N T 5 S 1 SR R

P =
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D

Bk A L. INE 38 0T LLE #], TiCl, B
IR A R AR R T AR 1Y) Ti B 4%k
J& HE XU B8 7 BS54 THCL, BE R i i A
2.90 x 10 mol/min LA & Ti B4R 3.71 x
10" cm 3 BF, X D 508 A 25 B S ) T e 2 R R 9
iR B AT AH-SiC 2R
T A& 4(b) Fros. AT LA 2192 )2 34 T 3 A 450K
TSR, BRIE 7 10 5 & B Jr ) {0l L
MTE Ti BAERE AR (< ~1.00 x 10'6 cm?),
4H-SiC 2 )2 3 18 2 90 s AR S A8 R A, AR DL
FRERG, W 4(a) Fi7R, XERE Ti B4R 3.70 x
1055 cm 3. 5 WA EE 2L, Miyazawa 55 1M i
T HCL WA KA T V, Ti 824 nT ke
3B AH-SIC AMEZR T 20 157 25 B TE A e b ) S5
BRI, A SCI SIS & I, 76 RAE R TiCl,
JE IR 2R, 6 HCL SME AR fS 21 Ti B2k
JERIE T8 HCLAME. Sk EE Ti A | L1 %
RIS ERE 10 2548 5 B 5338 75 B ik — D o, 181 3
Hh B R R THC FE ZR Ui T o) 7 1) 4
SR N WS, RUASIRIESEE T REE Ti, A
T FNEAE K ) Ti B AR IR

F1 TiBRIRSE

Table 1. Experimental parameters of Ti doping.
MFC1 MFC2 MFC3 TiCLABZE /R iRt
i RS
/sccm /slm /scem /(mol-mint)
1.25  9.800 — 7.25 x 107
R 5 9800 — 2.90 x 106
50 9.800 — 2.90 x 10°
50 0.100 5 8.95 x 107
XFERE 50 0.075 b 1.14 x 106
50 0.040 5 1.62 x 106
1017
u $ﬁﬁ s ’
o OB e
- WRRLAES . -
% 1016 L , ~,
,
= s
1015 i L
10-7 10-6 10-> 104

TiCly8/Rifi &/ (mol-min—1)

3 Ti4sAeuk BBl TiCl, BE /K I & 1Y AR 1k
Fig. 3. Relationship between Ti doping concentration and

TiCl, mole flow rate.

[1120]

200 pm

200 pm

B 4 Ti, NI:B I 4H-SIC Zup)Z2 R HIE S (N, = 1.01 x
109 em?)  (a) TiBZIRE N 3.70 x 10" cm ?; (b) Ti$
VR BE N 3.71 x 10% cm?

Fig. 4. Optical microscope images of the Ti and N co-doped
4H-SiC buffer layer surface with Ti doping concentrations
of (a) 3.70 x 10" cm™ and (b) 3.71 x 10'S cm 3. Both with
Ny =1.01 x 10* cm3.

EAF UL A, P 3 roURas B 5 2 i A5 0%
U ST, P RBZA SR MR PG 1 R R A A R R
25 (L2 M TRAEEBCAY 1.0). T BARR R 5 0UR R
45 25503 22 1) W] g 2 1R 45 B TiCL, 1 S Botk
A5 (1) 2. (2) 267 Fr 2w sy,

WG DA 125 5, BT BURG B 2% 14F F TiC, BE
IRV 8.95 x 107 mol/min, Xf ¥ Ti 5 4k B
3.70 x 10" cm 3, fE4 Ti, N B IRE R4 K
i) Ti A1

3.2 4H-SiC PiN —#RE&IF [ 1ERE i

#4558 i 4H-SiC PiN W45 I, %o Hoti b e
] FEL 3 %% 100 A /em? 4% 10 min, F5F 1E 17
10 min [ J5 (14 1F [a] B 3 - HL Rl 2 A7 0 o
K 5(a), I 5(c). [ 5(e) 43345 H T L% vh )2 45
B oAU R EE N B G2 vp R 454 L DL R T,
N o35 2R 27 v 2 2540 Al 0 A8 TF 1) 0 & 1F 1F 1) 1
R Rt IR TR 7284k, D 5(b) . 8 5(d). B 5(F) A T
1 [r] i BT ) L 9 - L S R 6 L

MK 5 0] LLE H, 7E 100 A /em? L 25
T, 24t 10 min, JoZZ 22591 4H-SiC PIN —
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Fig. 5. (a), (c), (e) Change of forward voltage drop vs. time and (b), (d), (f) comparison between the forward I-V characteristics be-
fore and after being biased for 10 min at a current density of 100 A/cm? for 4H-SiC PiN diodes without a buffer layer, with a highly
N-doped buffer layer, and with a Ti and N co-doped buffer layer.
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Abstract

“Bipolar degradation” phenomenon has severely impeded the development of 4H-SiC bipolar devices. Their
defect mechanism is the expansion of Shockley-type stacking faults from basal plane dislocations under the
condition of electron-hole recombination. To suppress the “bipolar degradation” phenomenon, not only do the
basal plane dislocations in the 4H-SiC drift layer need eliminating, but also a recombination-enhancing buffer
layer is required to prevent the minority carriers of holes from reaching the epilayer/substrate interface where
high-density basal plane dislocation segments exist. In this paper, Ti and N co-doped 4H-SiC buffer layers are
grown to further shorten the minority carrier lifetime. Firstly, the dependence of Ti doping concentration on
TiCly flow rate in 4H-SiC epilayers is determined by using single-dilution gas line and double-dilution gas line.
Then the p* layer and p™* layer in PiN diode are obtained by aluminum ion implantation at room temperature
and 500 C followed by high temperature activation annealing. Finally, 4H-SiC PiN diodes with a Ti, N co-
doped buffer layer are fabricated and tested with a forward current density of 100 A/cm? for 10 min.
Comparing with the PiN diodes without a buffer layer and with a buffer layer only doped with high
concentration of nitrogen, the forward voltage drop stability of those diodes with a 2 pm-thick Ti, N co-doped
buffer layer (Ti: 3.70 x 10 ¢cm ™ and N: 1.01 x 10' ¢cm®) is greatly improved.

Keywords: 4H-SiC, Ti doping, recombination-enhancing buffer layer, bipolar degradation
PACS: 71.20.Nr, 81.15.—z, 73.40.Lq, 85.30.De DOI: 10.7498 /aps.70.20200921

* Project supported by the Young Scientists Fund of the National Natural Science Foundation of China (Grant No. 61804166).
1 Corresponding author. E-mail: juan qin@staff.shu.edu.cn

1 Corresponding author. E-mail: bszhang2006@sinano.ac.cn

037102-8


http://doi.org/10.7498/aps.70.20200921
http://doi.org/10.7498/aps.70.20200921
mailto:juan_qin@staff.shu.edu.cn
mailto:juan_qin@staff.shu.edu.cn
mailto:bszhang2006@sinano.ac.cn
mailto:bszhang2006@sinano.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

