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Outline

® SiC Power MOSFET Breakthroughs achieved at NCSU
e PRESICE: SiC Power Device Manufacturing Technology

e SiC Power MOSFETSs: Inversion Channel & Accumulation
Channel

e The JBSFET: SiC MOSFET with Integrated Schottky Diode
e Split-Gate (SG) MOSFET: Improved HF-FOM
e Buffered-Gate (BG) MOSFET: Further Improved HF-FOM

e The OCTFET: A New Cell Topology with Superior High
Frequency Figures-of-Merit

e The BiDFET: A Monolithic Bi-Directional Field Effect
Transistor
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PRESICE: PRocess Engineered for manufacturing SiC Electronic-Devices

SiC Power Electronic-Devices

f \ S
JBS Rectifier /_ Power ".‘t“lﬂ'SFET_\ ( Power JBSFET _\
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B.J. Baliga, et al, "PRESICE™: Process Engineered for manufacturing SiC Electronic-Devices",
Int. Conf. on Silicon Carbide and Related Materials, Paper MO.CP.10, September 18, 2017.



PRESICE: PRocess Engineered for manufacturing SiC Electronic-Devices

Qualification Procedure:

(1) Define Process Flow (NCSU) for Manufacturing SiC Power MOSFETSs,
JBSFETs, and JBS Rectifiers at X-Fab.

(2) Design a Mask Set (NCSU) for Manufacturing SiC Power MOSFETSs,
JBSFETSs, and JBS Rectifiers at X-Fab for Qualifying the process.

(3) Fabricated Three Process Lots at X-Fab.

(4) Obtained Statistical Data (NCSU) on device parameters to confirm
tight distribution of parameters from within each wafer, from wafer-to-
wafer within each process lot, and from lot-to-lot.

Data Acquisition Equipment:
(1) New Semi-Automated Signatone
Wafer Prober.
- 6 inch wafer capability
- 3 kV chuck isolation
- High Temp (300 oC)
(2) New Keysight Test Equipment.
- Maximum Voltage = 3 kV
- Maximum Current =20 A




1.2 kV JBS Rectifier Process Qualification

» Process Qualification using Three Lots at X-Fab

» Device #2: JBS Rectifier with Nickel Schottky Contact
> Active Area = 0.046 cm2

Y
JBS Rectifier
Anode

\ Cathode )

W. Sung, K. Han and B.J. Baliga, "Design and T
Manufacturing of 1200 V SiC JBS Diodes with

Low On-State Voltage Drop and Reverse

Blocking Leakage Current", Int. Conf. on Silicon

Carbide and Related Materials, Paper WE.DP.9, . .
September 20, 2017. 6 inch SiC wafer

fabricated at X-Fab



JBS Rectifier with Nickel Schottky Contact (Within Lot Variation)

On-state Voltage Drop [V] @ If = 5A
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JBS Rectifier with Nickel Schottky Contact (Within Lot Variation)

Leakage Current (l)) [nA] @ Vd=1000 V, RT
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JBS Rectifier with Nickel Schottky Contact (Lot-to-Lot Variation)

On-state Voltage Drop [V] @ if = 5A, RT
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JBS Rectifier with Nickel Schottky Contact (Lot-to-Lot Variation)

Leakage Current (l)) [nA] @ Vd=1000 V, RT
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Accumulation Channel MOSFET (ACCUFET)

» Process Qualification using Three Process Lots at X-Fab

> Device #5: Accumulation Channel MOSFET (ACCUFET) with
JFET Implant

> Active Area = 0.045 cm2
/_ Power Hﬂ'SFET_\

Source W. Sung, K. Han and B.J. Baliga, "A

Comparative Study of Channel
% Designs for SiC MOSFETSs:
— L] Accumulation-Mode Channel vs

Accumulation Inversion-Mode Channel", IEEE Int.
N Channel

Symp. On Power Semiconductor
- Devices and ICs, Paper SiC-P9, pp.
\ Drain j 375-378, June 2017, Sapporo, Japan.

Technical Note:

The Rds,on values in the Wafer Maps and Statistical Data plots include 35 mQ
of parasitic probe (~ 1 mQ-cm2) and substrate (~ 1 m{2-cm2) resistance.

The Cgd values in Wafer Maps and Statistical data include 0.5 pF of parasitic
probe capacitance.



Accumulation Channel MOSFET (ACCUFET) (Within Lot Variation)

On-Resistance (R,,) [mQ2] @ Id=1A, Vg=25V, RT - 6.5 mQ2-cm2

Lot-4-W1-#5

137 138

w

139. 137
139 131 140 HE

. .|13,a 1.3:?.. 139

135 138 138

rt.

14l

138 138 137 139 137 141 139 143 139 140

14

1401139, 137136 138| 135 141!13-9-1372138.'133

142

141 138 138 136 138| 138 139 137 139 139 138

141
13%

144
138

135 138 140 140
135138 142 141

135 137 136 135 138
140139 139 139 137

&

143

137 137'139 141 H:!
138 140 140

13& 13-5' l-l-lj 14EI 135. 140
141 13-9 142 'I-M 143 139

137
137

141, e 143 140139 143 142 140 141

3
=]

w
wn

W
(=]

N
w

Number of Devices

R N

o w © uw ©°
%0

161 142 146 140 137| 139 143 138

Specific On Resistance (Vg=25V Id=1A)

Std. Dev. : 5.57

95
100
105
111
116
121 |

Resistance (mQ)

Average = 139 mQ2

[1 Damaged during

the BV test w/o
Flourinert

Typical
value is the
Average of
All Devices
from All
Three Lots

Lot-4-W2-#5

136|136 135136 1395 134
13".":14“ 141 135138 ‘l.'i-ﬂ 137

136 139|137 137137 140 137/ 137

135;136 137 1381137 !35 1..’-4

137

138 136|138 137 135137 137|137

141 141

136;135 134 135/135/136 13%) 134

1421141

136 137131 |134/135 139|134 1

1391142

139 138(138 135 135 134 132 133 133 137 136

139 140

148 137 1

139 141138 |136/136 136 132 |138/137 135
135

136

143 140139 136]136|137 136
139140 140 136 133’

Number of Devices
- - [¥] (] w w g -
o w (=] v (=] w v

S wn

143 137139 140 141 136 138

111__5' 141
137

134

139 137|138 137/137|136 134

Specific On Resistance (Vg=25V Id=1A)

Std. Dev. : 3.29

114 118 121 124 128 131 135 138 142 145 148 152 155 159

Resistance (mQ)

Average = 137 mQ

Typical: 144 mQ (Allowable Max : 187 mQ (30 % more)) =» All devices meet specificati?zns



Accumulation Channel MOSFET (ACCUFET) (Within Lot Variation)

Threshold Voltage (V,)) [V] @ Id = 1 mA, Vd = 0.1 V, RT
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Accumulation Channel MOSFET (ACCUFET) (Within Lot Variation)

Cgd [pF] @ Vd=1000 V, RT
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Accumulation Channel MOSFET (ACCUFET) (Within Lot Variation)

Leakage Current (l)) [nA] @ Vd=1000 V, RT
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Accumulation Channel MOSFET (ACCUFET) (Lot-to-Lot Variation)

On-Resistance (R,,) [mQ2] @ Id=1A, Vg=25V, RT
Lot-3- W1-#5
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Accumulation Channel MOSFET (ACCUFET) (Lot-to-Lot Variation)

Lot-

Threshold Voltage (V) [V] @ Id = 1 mA, Vd = 0.1 V, RT
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Accumulation Channel MOSFET (ACCUFET) (Lot-to-Lot Variation)

Cgd [pF] @ Vd=1000 V, RT
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Accumulation Channel MOSFET (ACCUFET) (Lot-to-Lot Variation)

Leakage Current (l)) [nA] @ Vd=1000 V, RT
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260 1k | 140 M0 [ 602 1280711 | 182 [IELGIITY 68| 364 T8 | 619 228140 636|200 179616.18 93513231118
3LT26I6sMAE AT 354 1213 sua (3002 266(274| A1IZ4MNEITNEIILAY ;
w3511 (S0 {735 1480 63,1 1329 (23020l 3543 11‘-‘*?;21‘]‘-1%1'['-12 748 9,53
2218 1154 TEE| G 1610 4.4 u 61| 437 248 352 570| BLODITA4132ST79 0,98 7
- 39,7 125171372 {164 237|582 | 40,1 (204|573 Boy | 6494793 685 ﬂ-ﬂlﬂil&: 160|417
S48 844 R0/IFLS 258 121 393 4894| 434 |19.5]320 (267 856 12THA94 509 691|490 1449 462 |5 S
' a0l 0 wsl s | lazrlsa 032(797 544 ?x&ms.zs-sm 717|581 Gk
- ST Vs T 5
523|724 35.0) SILY Th.4 21,56 4,56 |H.4#3§H-m.5{]mlﬁ},ﬂ
Leakage Current in Reverse Blocking Mode Leakage Current in Reverse Blocking Maode Leakage Current in Reverse Blocking Mode
160 ) 160 r 160 )
i Yield : 93.3 % - Yield : 95.3% w0 Yield : 96%
120 120 120
100 100 100
‘g 80 E 80 E 80
& & 2 s S s
s 2 2
E 40 g a0 g 40
5 20 E x E 2
= = =
o — o o
o 10 20 30 a0 50 B0 70 80 20 100 (4] 10 20 30 a0 50 &0 70 &0 50 100 o 10 20 30 40 50 &0 70 80 90 100
Current (uA) Current (UA) Current (uA)

Yield based on allowable maximum leakage current of 100 uA
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Inversion Channel MOSFET (INVFET)

» Process Qualification using Three Process at X-Fab

> Device #5: Inversion Channel MOSFET (INVFET) with JFET
Implant

> Active Area = 0.045 cm?2
» Similar Results like Accumulation Channel devices

PRESICE Technology is available for licensing
from NCSU for manufacturing products at X-Fab
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Outline

® SiC Power MOSFET Breakthroughs achieved at NCSU
e PRESICE: SiC Power Device Manufacturing Technology

e SiC Power MOSFETSs: Inversion Channel & Accumulation
Channel

e The JBSFET: SiC MOSFET with Integrated Schottky Diode
e Split-Gate (SG) MOSFET: Improved HF-FOM
e Buffered-Gate (BG) MOSFET: Further Improved HF-FOM

e The OCTFET: A New Cell Topology with Superior High
Frequency Figures-of-Merit

e The BiDFET: A Monolithic Bi-Directional Field Effect
Transistor




JBSFET: MOSFET with Integrated JBS Diode

Inter layer dielectric

JFET region

MOSFET

Cell pitch 11um
Simulated R, ;,=6.8 mQ-cm?
(assuming pgp=13 cm?/V-s)

P ey : !

0.5 1 08 0.7 0.8 1.7

Inter layer dielectric

SChOttky P+ohmic N+ohmi _

J BSFET JFET regioni
Cell pitch 16um
Ronsp=10 mQ-cm?
(assuming pg,=13 cm?/V-s) |
:<—>:: :E: =:: =:<—>:
2 1 25 0.8 1.7

Drift layer
N =8x10"5cm
W =10um

Drift layer
N4=8x10">cm-3
W,=10um

W. Sung and B.J. Baliga, "On Developing One-Chip Integration of 1.2 kV SiC MOSFET and JBS
Diode (JBSFET)", IEEE Transactions on Industrial Electronics, Vol. 64, pp. 8206-8212, 2017.
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JBSFET Area Savings Analysis

® Layout comparison for 1.2 kV, 5.7 A Devices

Approaches Active area Edge termination Total area
e (cm2) And periphery (cm2)

Previous lf;[‘ges N Pure 0.0212 (MOSFET) o.o110 (MOSFET) g.(c;;;szt

approach FET JBS 0.0263 (JBS) o.0122 (JBS) (;.0707
PA approach 1 0.0284 0.0126 0.041

JBSEFET1 (5.724A MOSFET*) | -
PA approach 2

|BSFET2 0.02381 0.0126 0.0407
PA approach 3 i

JBSFET3 o 00475 0010 00035

Pure JBS

Assumptions:

* Edge termination design : 10 floating field rings — 3um wide, total spacing is about 20um, which gives about 50um total width for edge termination
* Periphery : Edge termination to C/S implant — 20um, dicing lane 70um per side, C/S to dicing 30um-> total 120um

* *Comparison with a 5.72A pure MOSFET : 0.0242 active + 0.0117 periphery = 0.036 cm2
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JBSFET Area Savings Analysis

Area Comparison

u "
SFETS (5220 oSt 422 reduction

42.5% reduction

JBSFET2 0.0407

esrers. |
' i

- 1— [
Y Syp——— -‘J ;_- LT BN T

0% reduction

SA MOSFET

5.72A MOSFET

Conclusion: Area Savings of about 40 % can be achieved with the JBSFET Approach

Other Benefits: Cuts package count in half.
Reduces switching loss by 40% at elevated temperatures.
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Measured Data - JBSFET |-V

Drain Current (A)

JBSFET Id-Vd, Active area 4.5mm?

1st Quadrant JBSFET

—\Vg=25V
—\Vg=20V
Vg=15V
Vg=10V
——Vg=5V
—Vg=0V

0 5 10 15

Drain Voltage (V)

Specific on resistance:
20 mohm-cm?
@Vg=25V

rd
3rd Quadrant Drain Voltage (V)

-5 -4 -3 -2 -1

\\ MOSFET

MOSFET Vg=0V

Vg=-5V
JBSFET
Vg=-5V, OV

JBSFET V(on) at 5A: 2 V
MOSFET V(on) at 5A: 4.5 V

-11

25

Drain Current (A)



Accumulation Channel JBSFET

» Process Qualification using Three Process Lots at X-Fab
» Device #7: Accumulation Channel JBSFET with JFET Implant

> Active Area = 0.045 cm?2

Inter layer dielectric

SChOttky P+ohmic N+ohmic _

JFET region

|

v
N
\ A
A

“—>'«

2 1 2.5 0.8 1.7

Technical Note:

W. Sung and B.J. Baliga,
"Monolithically Integrated 4H-SiC
MOSFET and JBS Diode (JBSFET)
using a Single Ohmic/Schottky
Process Scheme", IEEE Electron
Device Letters, Vol. 37, pp. 1605-1608,
2016.

The Rds,on values in the Wafer Maps and Statistical Data plots include 35 mQ
of parasitic probe (~ 1 mQ-cm2) and substrate (~ 1 m{2-cm2) resistance.

The Cgd values in Wafer Maps and Statistical data include 0.5 pF of parasitic

probe capacitance.
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Accumulation Channel JBSFET (Lot-to-Lot Variation)

On-Resistance (R ) [mQ2] @ Id=1A, Vg=25V, RT — 11 mQ-cm2

Lot-3- W3 #7

% |

Eﬁlllﬂ_

Im|m

5 157 156

I35 A%

‘55 | ISE

253 236261 24l

249 255|256 ¢l | 263

| 266 | 253 251 Fs3

4% 41

246 250

150 | 253080 249 (245 241|246 t4H
Enu 185 25N 245 T40 | 243 245 |3
’3@'{1&1 355 M4 245 |34 240 (241 4o |2
A i i S
208 288|234 MG 244 (241 239|248 240
JhA ISR 247 24N 243 | 244 [ TS 242 244 2853
243 24t 1285 245 | 232 |
| 244 240 248 | 2% 244 |
e 7255 245 244
5244 1407
Specific On Resistance (Vg=25V Id=1A)
30
Std. Dev. : 11.73
25
20
wy
gi1s
=
1)
210
o
@
o 5 f
E f
3
Zi Al g — N
CRLNRYAINENECSRRAYRERgRE=R
v e v v v e e e e e e NN N

Resistance (mQ*cm2)

Average = 250 mQ

Lot-4-W3-#7
R

237

234

235!33

291242

237 233 :'.15|

238 233
234334

134)

oy

236 234 Hkm

236
230

233 2291233
28 231220 |

30

25

20

-
r

Number of Devices
w 5

0

Specific On Resistance (Vg=25V ld=1A)

Std. Dev. : 7.05
/

187 1% 204 213 222 230 239 248 256 265 274

Resistance (mf1)

Average = 232 mQ2

Lot- 5 W3-#7

283 180 247

,,m..

B il

289 | 284
x|

i

76 175 278 177

274

273

75

77

T8 174 275 1M 1T

26K

168

6
269

27X

286

26K |

265

170 16K 269 26K 177

270

269

266

258

264

5K

39

269

263

266

mi

261

30

e = g 3
w o w o w

Number of Devices

o

264

bl N

7

i

265

1
Lol
266 |

264 8 135
8 261 264 28 263 177 268

m
98 276

67
166

G5 263 16 261 144 161 173

264 |

245 165 241 243 243

L2901

08

265

61 263 261 246

Specific On Resistance (Vg=25V Id=1A)

0 12 25 39

St_d. Dev. : 16.6

52 65 79 92 106 119 132 146 159 173

Resistance (mQ*cm2)

Average = 268 m(2

Typical : 250 mQ (Allowable Max : 325 mQ (30 % more)) =» All devices meet specificatigrlis



Accumulation Channel JBSFET (Lot-to-Lot Variation)

Threshold Voltage (V,)) [V] @ Id = 1 mA, Vd = 0.1 V, RT
Lo_t 3 W3 #7 Lot-4-W3-#7 Lot-5-W3-#7

2.402.32 2.38 | 2.46/2.36 2.28 2.5/ 2,60 260258260 258

452 - |=.4E|2._3‘ TAE 2EG 242 23400802 2.54 /2540 I.'IGIZ\.Sd- 1.56 2.54 158 T 54
2.442. M'p"ﬁiz 2.320.322.422.442.442.56 fﬂlmh %rm 2.42 236224224246 [2.88 245 2482441 2,48 244 2,48 246 1,52 2.5 262
232 (2.242.202.40 [2.54 2.44.2.42/238 2.4 0240

MBLM!WA%W 2.362. K2.582.5 142 2.462.38
- _ : 36256 2.40/2.44 2.36 2.2 220244234
238244 244234 0 228 2.1
238 2.44 2482382 _
2.402.46 250239222218 2.20
240240 242234228318 222 230 fE0 R el
242 240 2,46 2.362.302.20 2.26 2.34 i e v

2 50748 246

242 246

___z.szu.h‘z.an {238 z:smzm 3
i6:2.50/2.3412.22 2.34 iz..t: 2.342.22 2.34

|
E.?ﬁ:lﬁ!iz.ri-ﬂ f
2,62 2.60 2,56 250

-. 2440234224 230

231207 134
Threshold Voltage Threshold Voltage Threshold Voltage
30 75 30
o Sid. Dev. : 0.10 Std. Dev. : 0.11 Ve ~Std. Dev. : 0.11
] 20 /TN | \
20 20
15
815 g Sas
a g 10 E
? 10 = 5 io0
4 5 b
%o % %
Voltage (V) Voltage (V) Voltage (V)
Average =2.43V Average=2.31V Average =2.50V

Typical : 2.41 V (Allowable Max : 3.62 V (50 % more)) =» All devices meet specificatiogg




Accumulation Channel JBSFET (Lot-to-Lot Variation)

3rd Quadrant (V,) [V]@ If = 5A, RT

Lot-3-W3-#7

Lot-4-W3-#7

Lot-5-W3-#7

2.3512.3112.290.302.312.32 224224224 223224224 @'}.ﬂ 240239240243
33022612 25238 EJTEN$29FM| 224233231 2.22 2.23 233223203 243l 371 352 352 3511 350 38l 30
2292.242.24/2.252.252.25 2,27 2.262.002.32 223221221221 2.22 222 222222223 2.26 2.422.3412.332.352.362.35 2,37 2,36 2.37 2.40
2292242242.242.232.222.252.252.262. ﬁﬁiﬁfﬁﬁﬂﬁl 220 2.21 2212, 2.342.322.332.332.322.342.35 2. 35.:_34;1,34;1 B
: 2312422312227 3311225 , 220 ' 12.342.52{2.332.31 2.322.32 2. 2.21
;mzmm 1.23(2.2212.2212.31; : e | Pk 23122122021 2.312.312.3112.292.242.31 3.
2312.252332.232.222.222.232.22 2331020 £ 2.32/2.31{2.31/2.30/2.302.29
2.312.232212222.222.212.212.24 234222330221 LIVTIK LIT 2192 2.30/2.3112.302.30 220231 2.
) 36 122.2112.21/2.222 33233 230(2.222312.212 m;igﬁ 491 2.30/2.30/2.302.30 2.202 30 3
21an22th 24223223 2222212021921 218 2.402.332.302.302.30 2.302.30 ;
1222 _z__zs?__?_'a_ 2 n‘zz.iz_z:l 2.262.7 225021 mu w:uq 19 @E:as 2.3112.2912.292.292.292.30 2. 31%2.31|z 332 35
ZIEEIRII) 2.232.242.252.252. 12.19:2019 3.20:2,2112.21 432.342.292.292.29 302 ;1;.3,1-;2.32;.34
2.182.172.252.242.242.24 2.242.26 224221220249 23021 2.43(2,362.322.302.302.31 2.32 2.35
Diode On Voltage Diode On Voltage & BiodeOnivakage
&0 70
. Std. Dev. : 0.048 o Std. Dev. : 0.032 % /Std. Dev. : 0.072
a0 | b a0
.§ g 30 E
5 | = B
% 10 % " 'E 10
gE3TEE8955803803803953 * 192 197 209 208 216 219 225 230 236 21 247 FARRARAFRARARERE
Voltage (V) Voltage (V) Voltage (V)
Average=2.25V Average =2.21V Average =233V
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Accumulation Channel JBSFET (Lot-to-Lot Variation)

Leakage Current (I)) [nA] @ Vd=1000 V, RT
Lot-3-W3-#7 Lot-4-W3-#7 ot-5-W3-#7

345, i |30

%61 160 180
gEnn 3,&92::5,1.3_11| y

W P“ \) 739 1667 | 147 550 434 406 361|175 1#‘ j_i-vg 139|627

R\ 06 304 340 303 456 432 391 [850/350 2 338 131

“ 1o7| oy ; 363 414 167|372 3.15;154%&35

(0 /ﬁ 352 387| F1A210.40 1) 261 3730295 360 339 302|360 323 375 11R316.93

At(ms Al 467 | (174 2k (A1 14874 306 6469 370 325 416380 ARK AHA 6161210
7

| 1;_1;1 .53 4,60 1

B3T 1220 864 540(7.07

19.92 1581 8.0

52,00 £.16

AT 130T HIZ R0 (LAY T,

\

6l B8 I"T!i.l}l 114

82[26.35 833 596 015

i | (A .\mun.Sj‘ : r1

838 134 O[646 277 12[502 41| 1069 246 (281|961 {260 330 308 890 421403492
6 (10312191 14595 /ﬂ 322 3130/679 219 1231082 723 (273 238 | 80,10 3,42 T4.1620.02
72 116 119 201485 165 E@ 1917 1243 280 280 292 661567 877 429

t m - P S |

=

2|20.0 7314 37694 193|266 16827 S1.08 | 260 276 4081504 500|465

Leakage Current in Reverse Blo Leakage Current in Reverse Blocking Mode Leakage Current in Reverse Blocking Mode
160 . 160 n 160 .
Yiel Yield : 93.3% Yield : 94.7%

140 140

120 120

100 100 100
€ s g g

H 2 80 2 g0
=1 S ]

S 0 2 so 2 g0
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3 4o _!g a0 @ ao
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a 10 20 30 40 50 B0 70 BO 80 100

Current (uA) Current (uA)

Yield based on allowable maximum leakage current of 100 uA

Current (uA)
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Outline

® SiC Power MOSFET Breakthroughs achieved at NCSU
e PRESICE: SiC Power Device Manufacturing Technology

e SiC Power MOSFETSs: Inversion Channel & Accumulation
Channel

e The JBSFET: SiC MOSFET with Integrated Schottky Diode
e Split-Gate (SG) MOSFET: Improved HF-FOM
e Buffered-Gate (BG) MOSFET: Further Improved HF-FOM

e The OCTFET: A New Cell Topology with Superior High
Frequency Figures-of-Merit

e The BiDFET: A Monolithic Bi-Directional Field Effect
Transistor
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Split-Gate (SG) SiC Power MOSFET

SG-
MOSFET MOSFET
X width NA 0.3 pm
JFET region o um | o.0um
WJFET width (W]FET) 7K OH
J FET resion 3x10'° cm3
oping
N- Drift
thickness 10 ym
] 8x10% cm3
Drain Drain doping

Conventional Split-Gate

% The Split-Gate SiC Power MOSFET can be fabricated with the same
process as used for the Conventional MOSFET.
% Gate Design is different during device layout.
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Split-Gate (SG) SiC Power MOSFET

Conventional
MOSFET

Qgd,sp (nC/cm2)
Cgd,sp (pF/cm2)
Oxide Field (MV/cm)
Ron,sp (mMOhm-cm2)

FOM (x0.1 mOhm-nC)

X width (um)
Drain

Optimum X is 0.3 um based on
alignment tolerances
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Split-Gate (SG) SiC Power MOSFET: Experimental Results

20

Vg=0~25V, 5V step

=
un

Drain Current (A)
=

5
0
Drain Voltage (V)

10? — 107
- ] s——aneD
e 1010 -+ MOSFET
Q 107 .
% lu-ll
8 - 50 Cgd
g o N
o LU I FLUTIS VS S L
Q

10-12

0 200 400 600 800 1000

Drain Voltage (V)

Drain Current (A)

Gate Voltage (V)

104

10

10*
107

10°®

10
0 300 600 900 1200 1500 1800

Drain Voltage (V)

25

20 —=S5GMOS
««++ MOSFET

15

10

Qyq (for

-
L]
iiiiii

Qg4 (for mosFET)

0 10 20 30 40 50 60
Gate Charge (nC)
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Split-Gate (SG) SiC Power MOSFET: Experimental Results

TABLE I
SUMMARY OF EXPERIMENTAL RESULTS
FOR CONVENTIONAL MOSFET AND SG-MOSFET

MOSFET SG-MOSFET

Breakdown voltage [V] 1634 /6’/ g
Th 6\“
reshold voltage [V] 2.00 / e“
Ronsp [MQ-cm2] 6. 3/ of W

Cuasp [PF/em’] (@V=0V) /O
Cyusp [PFle’] (@Vi=1kV) _~ \lo\\aos\)

Quasp [ nC/cm2/ 1S \ 149

FOM <RxC (@V \OQ “O /ﬂ( 90 16520

FOM <Rx \(\(\o 766 589 1.3x Improvement
a\ e® / 2230 938 2.4x Improvement

K. Han, B.J. Baliga, and W. Sung, "Split-Gate 1.2 kV 4H-SiC MOSFET: Analysis and Experimental
Validation", IEEE Electron Device Letters, Vol. 38, pp. 1437-1440, October 2017.
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Outline

® SiC Power MOSFET Breakthroughs achieved at NCSU
e PRESICE: SiC Power Device Manufacturing Technology

e SiC Power MOSFETSs: Inversion Channel & Accumulation
Channel

e The JBSFET: SiC MOSFET with Integrated Schottky Diode
e Split-Gate (SG) MOSFET: Improved HF-FOM
e Buffered-Gate (BG) MOSFET: Further Improved HF-FOM

e The OCTFET: A New Cell Topology with Superior High
Frequency Figures-of-Merit

e The BiDFET: A Monolithic Bi-Directional Field Effect
Transistor
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Buffered-Gate (BG) SiC Power MOSFET

Source Source Source
SG- BG-
e IMOSFET] mos | mos
CH. N+ JFET
Wieer 0.7 um
JFE.T 3x10%6 ¢m3
doping
tn.prift 10 pm
N- Dr ift 8x10%% ¢m-3
doping

Conventional Split-Gate Buffered-Gate

% The Buffered-Gate SiC Power MOSFET can be fabricated with one
additional (N+ JFET) Step compared with the Conventional MOSFET.
% Gate Design is different during device layout.
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Buffered-Gate (BG) SiC Power MOSFET

— 24 X;=0.4 um, X, =0.1 um 12 —
€ 20 10 g
z 16 : 3 > Gate
_g = Optimum g N+ CH. N+ JFET
o 12 : Inv. BG- 6 © P+ JFET
E | OSFET = &
L
2 $ * v
A Accu. BG- 2 'f_:
0 MOSFET , O

0 2E+17 A4E+17 6E+17 8E+17 1E+18
Doping concentration (cm3)

> Optimization of N+ JFET Doping Concentration
3E17 cm-3 is Optimum to:
> Reduce Specific On-Resistance
» Maintain Low Gate Oxide Electric Field




Buffered-Gate (BG) SiC Power MOSFET

X1=0.4pum .
o : BG-MOSFET 0 ~ Source

T & 240 ' g £
€ E ;
<L 150 6 E
U o c N+ JFET
Lo ® JFET
o o 120 4 £
“. o el
T O L
E? c? 60 2 §

0 0 =

05 <03 01 01 0.3 0.5 =
. +su
2000

BG-MOSFET

X2 is P+ Shielding
Region Extension
beyond Gate Edge

1500

1000 HF.FOM (RxQ)

HF-FOM (RxC)
o Optimum X2 is 0.3 um

: based on alignment
05 03 01 01 03 05 tolerances
X2 width (um) 39

0

HF-FOM (RxQ) (m£2-nC)
HF-FOM (RxC) (mC2-pF)
Oxide Field (MV/cm)



Buffered-Gate (BG) SiC Power MOSFET: Experimental Results

20
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Buffered-Gate (BG) SiC Power MOSFET: Experimental Results

TABLE I
SUMMARY OF EXPERIMENTAL RESULTS
FOR C-MOSFET, SG-MOSFET, AND BG-MOSFETS

C- SG- BG- WB}/
MOSFET | MOSFET |MOSFET_L 9
Cell pitch [pm] 5.6 5.6 70_~ ‘\6\

BV [V] 1689 1688 | c©

o

Vi [V] 1.84 18010 %0

Ronsp [MQ-c’] 5.78 Pt \\3‘0\ \) T 83
Cuap [pF/cm?] 217 P}la ‘\0‘5 i 23

di sp [HC/sz] /gq \6 ‘06\ // 56 60
FOl\[/Im;R_OHXng>\\ O\O 6 229 194 | 3.6x Improvement
FOM '(00

(m A/ 1287 596 503 4.0x Improvement

K. Han, B.J. Baliga, and W. Sung, "A Novel 1.2 kV 4H-SiC Buffered-Gate (BG) MOSFET: Analysis
and Experimental Validation", IEEE Electron Device Letters, Vol. 39, pp. 248-251, February 2018.
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Outline

® SiC Power MOSFET Breakthroughs achieved at NCSU
e PRESICE: SiC Power Device Manufacturing Technology

e SiC Power MOSFETs: Inversion Channel & Accumulation
Channel

e The JBSFET: SiC MOSFET with Integrated Schottky Diode
e Split-Gate (SG) MOSFET: Improved HF-FOM
o Buffered-Gate (BG) MOSFET: Further Improved HF-FOM

e The OCTFET: A New Cell Topology with Superior High
Frequency Figures-of-Merit

e The BiDFET: A Monolithic Bi-Directional Field Effect
Transistor
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SiC Power MOSFET: New OCTFET Cell Topology

N+ Source

A A
boundary -

Woupte— 28 —pie——Wo S5
: Sotirce !

- . Gate Poly-Si
N-Base & 3

P+ Shielding N+ N- JFET

bound 16
o P* P+ Shielding 3::_'3

Channel

P+ Plug &
N+ Source
boundary N- Drift -

Doping = 8x10" cm™
Thickness =10 um

Unit cell

Contact
window

N+ sub:

350 um, 0.02 Q2-cm
| Drain

(a) (b) |

% The New Octagonal Cell Topology for the SiC Power MOSFET
(OCTFET) can be fabricated with the same process as the
Conventional MOSFET.

% Gate Design is different during device layout.
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SiC Power MOSFET: New OCTFET Cell Topology
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1.2kV SiC Power OCTFET: Experimental Results
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SiC Power MOSFET: New OCTFET Cell Topology

FOR THE OCTFETS AND THE CONVENTIONAL LINEAR MOSFET

TABLE I

SUMMARY OF EXPERIMENTAL RESULTS

linear J0.7] 0.J09 | OJI.1 | OJ13 | OJL5 |OJLLC
C}{uifn]s“y 0357 | 0258 | 0259 | 0258 | 0256 | 0377
JFET density| 0250 | 0075 | 0.098 | 0121 | 0.144 | 0.143
BV [V] 1628 | 1639 | 1605 | 1630 | 1607
Vi [V] 196 | 204 | 202 | 206 | 2 of
*R"fg;l;lﬁﬂng‘ 561 | 2552 | 12.82 \e‘
ab
pFﬁdSP 106 21 28 8 @ \\ 6\\
ds
(RonxCi)
FO[I\H/}%EF]%) 595 “O\QQ ( 603 288
Xi
mOnCl / o /1555 1953 | 1220

<e

* includes Ry (~0.7 mQ-cm?)

s, M+ Source
v boundary

N-Base &
P+ Shielding
boundary

P+ Plug &
M+ Source
boundary

™ Contact
window

2.1x Improvement
1.4x Improvement

K. Han and B.J. Baliga, “The 1.2 kV 4H-SiC OCTFET: A New Cell Topology with Improved High-
Frequency Figures-of-Merit", IEEE Electron Device Letters, Vol. 40, pp. 299-302, February 2019.
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Outline

® SiC Power MOSFET Breakthroughs achieved at NCSU
e PRESICE: SiC Power Device Manufacturing Technology

e SiC Power MOSFETSs: Inversion Channel & Accumulation
Channel

e The JBSFET: SiC MOSFET with Integrated Schottky Diode
e Split-Gate (SG) MOSFET: Improved HF-FOM
e Buffered-Gate (BG) MOSFET: Further Improved HF-FOM

e The OCTFET: A New Cell Topology with Superior High
Frequency Figures-of-Merit

e The BiDFET: A Monolithic Bi-Directional Field Effect
Transistor
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BIDFET: Monolithic Bi-Directional FET

Cycloconverters or matrix converters require power devices with bi-
directional voltage blocking and current conduction capability.

» A Matrix Converter creates a variable output

= B R e voltage with unrestricted frequency using an array
L of fully-controlled four-quadrant bidirectional
- switches as the main power elements.
DI & B | ] ] # It does not need any large energy storage elements
T 7T and DC-link circuit.
"*‘D . = T Ty 2 » “Unfortunately, there were no such devices
© Sl ™ available.”
Y “ Ve » “Consequently, multiple discrete devices had to be
‘_% 1,{ Ij used to construct suitable switch cells.”

Fig. 1. Smmphified crowt ofa 3 « 3 matnx comverter.

P.W. Wheeler, J. Rodriguez, J.C. Clare, L. Empringham, and A. Weinstein, “Matrix Converters: A Technology Review”,
IEEE Trans. Industrial Electronics, vol. 49, no. 2, pp. 276-288, April 2002.
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Proposed SiC Bi-Directional FET — BiDFET

T1 Gl G2 T2
New Monolithic 4-Terminal BiDFET Device

Yum

SiC Power JBSFET - 2 \

SiC Power JBSFET Oxide
Structure:
Power MOSFET
with Integrated
Schottky (JBS)

Anti-Parallel Diode

P-Base|

Edge Termination |

3

M-Drift Region N-Drift Region N-Drift Region

— o

o e o o o o mm mm mm Em mm mm mm Em mm Em mm mm mm e Em Em Em mm e Em Em Em e Em Em Em Em e m o
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BIDFET: Experimental Results

11 Gl

G2 T2

New BiDFET Device

H-Drift Reglan H-Drift Region

SiC Power JBSFET -1

Operation in First Quadrant

T1 is Reference Electrode for BiDFET
Positive bias on Electrode T2

JBSFET-1 Blocks Voltage if V(G1-T1) =0
Blocking Voltage = 1650 V

Low leakage current in spite of Schottky
Contact

W. Sung and B.J. Baliga, “Monolithically Integrated 4H-SiC
MOSFET and JBS Diode (JBSFET) using a Single Ohmic/Schottky
Process Scheme” |EEE Electron Device Letters, Vol. 37, No. 7,
pp. 1605-1608, Oct. 2016

VOV VY

e
s

Terminal T2 Current (Amps)

0%
BV = 1650 V

105 Similar

) Characteristics
et in Third
i Quadrant

Low Leakage

o 00 (=100 Qg 1200 1500 1800
Terminal T2 Voltage (Volts)
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BIDFET: Experimental Results

L A T T N

w

Tl Gl
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New BIiDFET Device

#-Drift Region

SiC Power JBSFET -1
Operation in First Quadrant

T1 is Reference Electrode for BiDFET

Positive bias on Electrode T2

Gate Bias for JBSFET-2: V(G2-T2)=25V

Current flows through channel within JBSFET-2
Gate Bias for JBSFET-1 Varied (5 V steps to 25 V)
On-state Resistance = 0.5 O — Can be reduced with
larger active area.

Current Saturation with good Safe-Operating-Area
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E a Similar
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BIDFET: Experimental Results

T1 Gl G2 T2

New BIDFET Device
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I Dol

1 Edgetermination  IRED
|
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. ; . g4 1-T1)=0-26V Similar
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# Positive bias on Electrode T2 F 3 in Third

» Gate Bias for JBSFET-2: V(G2-T2)=0V 3. Quadrant

# Current flows through JBS Diode within JBSFET-2 g e

» Gate Bias for JBSFET-1 Varied (2 V steps to 26 V) -

# Knee is observed at 1.5 V in output characteristics. E

# Current Saturation with good Safe-Operating-Area 0 —

o 5 10 15 20
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BIDFET: Comparison with Prior Art

AC Switch Option Number of Devices & | On-State Voltage
Packages par Leg Drop

Si

Divicos Case (a) 5 50V
Devsi::es Case (b) a 35V
Deﬁ::es Case (c) 2 25V
S| J__m! 3
| ‘L“ﬂ: | SiC
Al 1 Devices Case |:'E] 4 1.75 V
SiC
BiDFET 1 0.5V

Assumptions:

Si Diode On-State Voltage Drop=1.5V

Si Asymmetric IGBT On-State Voltage Drop =2.0 V

Si Symmetric (RB) IGBT On-State Voltage Drop =2.5V
SiC Diode On-State Voltage Drop=1.5V

SiC MOSFET On-State Voltage Drop = 0.25 V

YVVVVYYYVY



BIiDFET: Monolithic Bi-Directional FET

# A Novel Monolithic 4-Terminal Bi-Directional Field Effect Transistor (BiDFET) based up on SiC
Technology has been proposed and demonstrated for application to Matrix Converters.

# The key attributes of the device are:
# High blocking voltage in first and third quadrants
# Current conductionin first and third quadrants with low on-resistz

# Fast switching capability of SiC power MOSFETs
# Large SOA with ruggedness of SiC power MOSFET

» Single device
» Only one package
» Low on-state resistance and

T1 T2

The authors wish to &
This work was suppor
Cooperative Agreement

ent of Energy Advanced Manufacturing Office under
gaU06521.

B.J. Baliga and K. Han, "Monolithic SiC Bi-Directional Field Effect Transistor (BiDFET): Concept,
Implementation, and Electrical Characteristics ', GOMACTech 2018, Paper 3.2, pp. 32-35, March
13, 2018.



Conclusion

® SiC Power MOSFET Breakthroughs achieved at NCSU
e PRESICE: SiC Power Device Manufacturing Technology

e SiC Power MOSFETSs: Inversion Channel & Accumulation
Channel

e The JBSFET: SiC MOSFET with Integrated Schottky Diode
e Split-Gate (SG) MOSFET: Improved HF-FOM
e Buffered-Gate (BG) MOSFET: Further Improved HF-FOM

e The OCTFET: A New Cell Topology with Superior High
Frequency Figures-of-Merit

e The BiDFET: A Monolithic Bi-Directional Field Effect
Transistor
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