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Four Quadrant Switch (FQS): The Ideal Power Device (The Holy Grail)

First

1k Quadrant Voltage Source Converter based Adjustable Speed Drive (ASD)
Four Quadrant \ Variable
Switch (FQS): | T —'l{} —'i{} —'l{} Frequency
w o POWER Power

= =0
" > Vi 3-phase, | [ \
60Hz MOTOR
i::creasing AC _'ﬁ:} - {} _'{}

voltage
Y DC L|nk IGBTs with FLY-BACK RECTIFIERSs
. Capacitor
Third I v

Quadrant
|deal Device Characteristics: ASD needs Energy Storage Element:
= Large Forward & Reverse Blocking Capability - DC link capacitor as energy storage element
= Bi-directional current flow « Bulky
= Zero On-State Voltage Drop - Expensive
= Fast Switching Capability « Poor Reliability
= Gate Voltage Controlled Output Characteristics « Degraded performance under high temperature
= Excellent Safe-Operating-Area « Single point failure

B. J. Baliga, Fundamentals of Power Semiconductor Devices, 2nd Edition, Springer-Science, 2019
Electrical and B. J. Baliga, “The IGBT Device”, Elsevier, 2015 FREEER:A l Disircihwtaick
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Four Quadrant Switch (FQS) Enabled Direct AC-AC Matrix or Cyclo Converter

—

(™) . ™M ,
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Fig. 1. Simphfied circut of a 3 x 3 matnx converter,
power

Direct AC-AC Matrix or Cyclo Converter creates a variable output voltage with unrestricted frequency using an array of fully

controlled four-quadrant bidirectional switches

« Does not need large energy storage element and DC-Link

« “Unfortunately, there were no such devices available” and “Consequently, multiple discrete devices had to be used to construct
suitable switch cell” [P.W. Wheeler, et al, “Matrix Converters: A Technology Review”, IEEE Trans. Industrial Electronics, vol. 49, no. 2, pp. 276—288, April 2002.]

« (Sl have traditionally used Thyristor family reverse voltage blocking (RB) switches [eg. Thyristors, SGTO Thyristors, Symmetric
IGCTs] — however, Thyristor family RB switches typically have low switching frequency

 WBG based SiC MOSFET with series connected SiC JBS [Junction Barrier Schottky] diode provides a RB switch with increased
switching frequency for CSI — however, will have higher conduction voltage drop compared to single MOSFETs or IGBTs

- SiC BIDFET as a monolithic devices offers advantage of lower conduction voltage drop and higher switching frequency for CSI

and Direct AC-AC Matrix or Cyclo Converter based power conversion systems

Electrical and FREERA? l Btk
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_ Monolithic SiC-based Bidirectional FET (BiDFET) Switch: 1200V, 20A DIE
>

1 1 Monolithic BIiDFET cross-section ¥ 4-terminal Monolithic BiDFET circuit schematic
DT aternrarey Loy p—— N, pmmmmmm e i - G2 G1
\ -

|{ Owide Ou:k‘le o T : ki Cixide: 'Dui:.le \| JBSFET-Z L _ S J ?SFET 1

: E‘_Jgi e e : ; e S PJ;:,: : —_— : :__ :
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| P-Dillt Ragion H-Drift Region H-Drift Region | Fi-Drift Region W-Drift Region Dt Rmgian 1 T2 ] ; ] i T1
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\ SiC Power JBSFET - 1 SiC Power JBSFET - 2 J

Y4
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4 . . .
Fabricated BiDFET die: Comparison of fabricated 1.2 kV 20 A BiDFET with

.

— previous bidirectional switch implementations
Switch Deseriohio Number of | On-State Voltage Switching
Configuration b components Drop (V) Loss
ey o Diode Bridge + . 8.6
10.4 mm Asymmetric IGBT . [2 diodes + 1 High
Flex PCB D2 D4 Neft & Schander, TEEE Trans, Tnd. AppL, vol. 18, pp. 546-551, 1992 IGBT]
Q1Ji ﬂ_oz Asymmetric IGBTs + 4 58
ud E £ Freewheeling diodes [1 diode + 1 High
D1 D2 Moghe et al., ECCE, pp. 3348-3855, 2012 1GBT]
_____ Q: - o D2 Back-to-back symmetric - 2.9
E i ;FD N S IGBTs - [1 symmetric Very High
= ) IGBT|
- - 3 '(_;—QZ Takei et ol ISPED, pp. 413-416, 2001
Custom-made 4-terminal package for the BiDFET: —
- 7 o 7 il b SIC Power MOSFETSs + 4 3.1
I s s TBS diodes [1 diode + 1 Low
Safari of oL, IEEE Tram . Pawer Eloctron., val. 29, no. 5, pp. 25 MOSFET
D1 D2 Saf: L. TEFE T stmrl;lm: oL 19, no. 5 pp. 25584 1
|
o P . Back-to-back SiC Power
T T | MOSFETs + antiparallel 6 ol
D3 and series JBS diodes [1 diode +1 Lot
- = MOSFET]
n
[z Abmed e al, IEEE Trans. Pawze&l.:r lectron., vol. 32, pp. 1132-1284,
Four-terminal SiC 1.0
e 1 : Low
Monolithic BIDFET [1 BIDFET]
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Gen-1 SiC BiDFET: Chip Design

Objective 1:

> Rated Blocking Voltage = 1.2 kV

> Breakdown Voltage > 1.4 kV

» Use Hybrid JTE Edge Termination BV > 1.6 kV

Obijective 2:

» On-Resistance of BIiDFET = 50 mQ

> Each JBSFET On-Resistance = 25 mQ
> Use JBSFET Active Area = 0.45 cm2

110D

Objective 3:

> Low Internal Gate Resistance <1 Q
> Use Gate Runners

Objective 4:

» Improved Packaging and Board Interconnect
» Use Two Gate Bonding Pads per JBSFET

5500 5500
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SiC BIDFET Gen-1: Single Chip

Internal JBSFET cross-section

Base

P+ Shield

10 pm N- DRIFT
8x 10"::113

N+ SUBSTRATE
350 pm, 0.02 Q-cm

DIET

Fabricated BIDFET die

11 mm

Custom-designed 4-terminal package for the BiDFET

o

Module Area = 3.22 cm?

SiE

dic g

1.4cm

50 0 JBSFET-1

c

£

S o

)

S

s 50 JBSFET2 a

- T2 T1

-100
1500  -1000  -500 0 500 1000 1500

BiDFET Voltage V.11 (V)

20

Current Ly qy (A)
(=]

Ve =0V

— V=10V
—— Van=15V

— Van=5V |

Vo =20V

-

r
SRS
_____________ ' === Vean=0V
J ==== Ve:1n=5V¥
r? === Yy 1y =10V
i === Van =15V
“'; === Vg =20V
=10 -1.5 =5 =2.5 0 15 5 7.5 10

Voltage Vi 1y (V)

Y VYV

Y V VY

Blocking Voltage > 1400 V
On-Resistance = 50 mQ

First Pass Success

Used to demonstrate 1¢ 2.3 kW
converter

Cis = 11,000 pF

C,ss = 500 pF at 1000 V

C,.c =50 pF at 1000 V




SiC BIiDFET Gen-1: Parallel Chips

Objective: Demonstrate Reduced On-Resistance BIDFET by Paralleling Two Chips for 3¢ Converter Application

Internal JBSFET cross-section Custom-designed Half-Bridge Module with Paralleled BiDFET chips
\ 3 ¢ | ) E \q
Gate Poly-Si i T
*_ 50nm
Base
JEET
P+ Shield
- 10 um N- DRIFT o v
8x10% cm® D2
N+ SUBSTRATE o —
350 pm, 0.02 O-cm
Drain | Module Area = 27 cm?
BiDFET DPT Switching Waveforms » Turn-on and Turn-off like a single
A Eaney Gen-1 BiDFET chip
‘ > Switching Losses (800 V, 20 A):
sy Sapee . ] T > Egon=1350 pd
\/ p— ¥ ’ > EOFF =460 ].l.J
: A > E =1810 uJd
TOTAL H
S ——
L”W/ /




11000

Gen-2 BIDFET: Achieve 2x Lower R,

Objective:

Gate pad

Gate pad

5500 o 5500

> Rated Blocking Voltage = 1.2 kV
> Breakdown Voltage > 1.4 kV
> Device On-Resistance = 25 mQ

Conventional Doubling Die Size Approach:

> Very Low Yield

> Die Size exceeds X-Fab Maximum Reticle Size
> Impossible

Parallel Gen-1 Dies:
> Achieved in Modules

New Design and Process Strateqy Created:

> Separate JBS Diode from MOSFET Cells

> Reduces Cell Pitch to 2.8 um from 6.1 um

> Reduces Specific On-Resistance to 5.3 mQ-cm?
> Ascribe 10 % Active Area to JBS Diode

> R, =26 mQ achievable

Additional Objective:

> Add Integrated Temperature Sensor
> Use Poly-Silicon Gate Electrode Resistance
> No additional processing required



SiC BIDFET Gen-2 Single Chip

Objective: Demonstrate Reduced On-Resistance BiDFET with Single Chip for 3¢ Converter Application

Gen 2 BiDFET Chip Custom-designed Half-Bridge Module with Single Gen-2 BiDFET Chip

10.4mm

i E i 1lmm —d 2
Die Size: 10.4 mm x 11 mm Module Area = 13.5 cm
BiDFET DPT Switching Waveforms » Turn-on and Turn-off like a single
’“‘géreymlrsyfuc’g&y Gen'1 BiDFET Chip
) > Switching Losses (800 V, 20 A):
A » )k | > Eoy=1120 pJ
| !
S b - > Eorr = 250 d
1MJ,_TW > EroraL = 1370 pd
: b T Al W‘M Single Gen-2 BiDFET chip can handle
Measure P1:max(C1) P2:max(C2) P3:min(C2) P4:max(C3) P5:max(C5) P6:max(C6) P7:max(C7) P8:rms(C7) P9:max(C1)  P10:max(C2)  P11:min(C1)  P12:min(C4) 20 A (VON = 0.5 V).




SiC BIiDFET Single Gen-2 Chip vs BP-1 Two Gen-1 Chips in Parallel

Objective: Demonstrate Reduced On-Resistance BiDFET with Single Chip for 3¢ Converter Application

Module with Single Gen-2 BiDFETs

Area = 13.7 cm?

Module with Two Gen-1 BiDFETs in
Parallel

Area = 27.4 cm?

Parameter, Units

Chip Area, cm?
Rps,on, mE2
Zv> S
Ciss» PF
Cosss PF
Cgsss PF
Eon> 1J
Eorp 0J

Erorars 0J

2.28

25
15

15100

1050

70
1350

460
1810

Gen .2 Improvement
(1 Chip)

1.14 2x
27 -
15 -

11730 1.3x

600 1.75x
70 -

1120 1.2x

250 1.8x

1370 1.3x



BiDFET characterization
DPT resulis of BIDFET module with two Gen-1 dies in parallel at 800V, 100A.

".‘ TELEDYNE LECROY
Everywhereyoulook

Timescale: 2us/div

|y e — o

Measure P1:max(C1)_

value 2188V

P2:max(C2).
1517 A

P3:min(C2)

P5:max(C5) PT:max(CT)
338A

P4:max(C3)
1255 A 1.030 kV 1.054 kV 931V
status 7 v 04 4

4 < LTI
20.0 V/div 50.0 A/div. 50.0 A/div| 500 V/div 500 V/div
0.0 mV ofst| -150.000 A -150.000 A 0.00 V offset| 0.00 V offset} :

_P6:max(C6) P8:rms(C7)

P9:max(C1) P10:max(C2)  P11:min(C1)  P12:min(C4)

D ||Tbase _ -8.00 ps| |Trigger (=i} LEI8)
12 Bits 2.00 ps/div| Stop LAY
200 kS 10 GS/s|Edge Positive

Gate-source voltage (20 V/div)
Channel 2: DUT current (50 A/div)
Channel 3: Inductor current (50 A/div)
Channel 6: DUT voltage (500 V/div)
Channel 7: DC bus voltage (500 V/div)

Electrical and
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Timescale: 100ns/div

q*}‘msnvns LECROY
vy wheryouood

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
i

Za= Il

o\

Toff =130ns” ™

P e ' oo LA '\\/f'\\:v,/ i e

Menan(C1) PZmex(C2)  P3mn(C2)  PLwaxiCl  Pomax(Cy)  PEmaC8]  Plmax(Ch  PBmeiCh)  Fmax(Cl)  PI0maxiC2)  P1LanCl P12 min(C)
2178 10ezA v

wILn WBEA
L o

div
! LLOVeltes

Turn-OFF transition

997V 104Ky
v v

0 -12.060 uz [Trigger L1
12 Aits Z:‘f : LR

Timescale: 100ns/div

.................................................................................

AN s N

q?manvns LECROY
IEvirywheryouloo

/

fiook ok VN B

\

\J

/
f---a-
x
/

B ) 053 /f:i ey ] s };. 2

S P i T
Ton = 160ns

PImnCH  PamaxiCl PS5 max(Ch)
13A 1108 A BON

PEmax(C)  PLmax(Ch)  PEms(Ch  Pmax(Ch  PI0ms(C2  P1LaniCl)  P12min(C4)
2

a3V 92

0 |Tb -13.554 uz |Trigger (40199
12 Aits Shop L BBY
Eoge  Positye
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BiDFET characterization

DPT results of BIDFET module with Gen-2 dies at 800V, 20A.

Timescale: 1us/div AP TELEDYNE LeCROr
Il Ry e
7 gyl Y e e

ST I T A5 II i oA o pm—
lW/T g
Wi e
‘Measure P1: max(Cﬂ P2 max(CZ] P3:min(C2) P4: max(CS) P5: max(CS] P6:max(C6) P7:max(C7) P8:rms(C7) P9:max(C1)  P10:max(C2) P11:min(C1) P12:min(C4)
value -129A 945 V 890V
status 7 4

FLTIDCIH
500 V/div
-200.000 V/

: [Tbase  -3.00 ps||Trigger (21 218
1.00 ps/div| Stop gAY
12Bits | 100 ks 10 GS/s|Edge Positive

Channel 2:
Channel 3:

: Freewheeling device voltage (500 V/div)
Channel 6:
Channel 7:

Gate-source voltage (10 V/div)
DUT current (20 A/div)
Inductor current (20 A/div)

DUT voltage (500 V/div)
DC bus voltage (500 V/div)

Electrical and

NC STATE i
V\NIWS:SIN8 Computer Engineering

Timescale: 100ns/div P S
e S PR P SRR DTarS ey
e : : \ /Ag‘ AN /.\'/I\"\'/‘“‘“‘i'\"’ ,__;;,ﬂun_f\ —
Toff = 160ns | j |
Meﬂwle Plmax(Cl)  PZmax(C2)  P3m l‘-ll, Pa. -’tti! _POmaxiCy  PEmaxC8)  Prmax(Ch)  PBime{Cl)  Pemax(CT)  P10max(C2) P1Lmn(Cl) P12 min{Cl)
value 7045: 203A 793 87;’ 551:‘
Turn-OFF transition
Timescale: 200ns/div | e
R T x/\\/\"’vv""*""’““"—vv—”——*‘——‘”—""”* ................. “
T " | A N T s R
Jrg R D s St
e -NWW/MAW"‘\*M““ > L Mol 00
- T 5 4_;»
Ton = 160ns

LmanCl)  PZmeC2) B3 J(.I (3 ax(.)! POmCy)  PEmCE  PLmexCl PmsCN  P9max(Cll PlOme2  PHanCl  PR2meCs
FEERY 33 [ 12y %0 V

0| |Tbase 4444 uz [Trigger (40199
12 Aits Shop L BBY
Edge  Positye

Turn-ON transition
ﬁl\ n
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BiDFET characterization

Clamped inductive switching energy versus Drain current (800 V)
4.0

— BiDFET Vds (V) lds (A) | Eon (mJ) | Eoff (uJ) | Esw (mJ)
S [ i s e | | 11.6 1.09 | 399.78 | 1.49
—— —— Eoff (Two Lot-2 dies in parallel)

21.5 1.35 460.58 1.81

42.1 1.90 507.20 2.41

800
60.8 2.36 660.30 3.02

Switching energy (m)
M
@]

81.9 2.85 781.20 3.63

S I — REETAICIES I 101.0 | 3.16 |1051.50 | 4.21
.l _ ! _ . parallel (R,

. — | | | | on=3.30Q, Ryof = 1Q) 5.9 0.29 143.58 0.43
° 20 D‘:gin—source c‘il?rent (A0 50 Hoo 108 033 14900 0'48
| _ o | 20.7 041 | 156.05 | 0.57
mc':»:olamPEd inductive switching energy versus Drain current (400 V) 400
Eon (Lot-4 die) 301 047 20314 0.67
------- Eoff (Lot-4 die)
i) _ _ Eon (Two Lot-2 d'i_es 'r_n parallel) 407 054 21460 0'75
Eoff (Two Lot-2 dies in parallel)
= 49.7 0.61 219.05 0.83
& 600 -
o 10.0 0.80 211.00 1.01
ol 800
— - Gen-2die  (Rgon 20.0 1.12 | 24967 | 1.37
& =7.5Q, Ryt = 2Q0) 5.0 020 | 47.00 | 0.25
200 - | — ; | 400
10.0 0.26 71.71 0.33
o ~ | . | . . Dynamic characterization of BIDFET modules at 400V and 800V
0 10 20 30 40 50 60 }
Drain-source current (A} OQerathn
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2.3 kW, 1-ph grid connected converter prototype enabled by 1200V, 20A SiC BiDFET

Control board

Grrid-side capucitor bank
i
and damping resistor

um_.llm SR i
T

Prim. HF voltage Sec. HF voltage

SiC-BiDFEYT
bridge

BiDFET-side HF transformer current

Grid-side AC current

-25ms -20ms -15ms -10ms -5ms 0Ps 5ms 10ms 15 ms 20ms 25ms
Gate-drive Measure P1:rms(C4) P2ms(C3) P3:max(C4) P4:max(C3) P5:rms(C2) P6:rms(C1) P7--- P8---
board value 11.10A 833A 267A 124A 260.7 V 3085V

status v v v v v v

500 Vidiv 500 Vidiv 20.0 Aldiv 20.0 A/div :
1.5000 kV 1.5000 kV -50.000 A 0 mA offset [ !

High frequency transformer voltages/current and grid
side current at 100% load at 277 V AC voltage.

DC-side

§ * Full load operation at 400 V input, 277 V RMS AC output at 2.3
HI inductor kW pOWGl‘

HF transformer * Total harmonic distortion 1n grid-side current: 4.7%
Hardware prototype of the AC/DC DAB converter for o Power factor: 0.9998

(l:%n%r;g]ggfnilrlmdg 120V/240V/277V AC output. s|:Y !:EEEMS C_?N :T\:: Apowga T

Glrid-sidr: S
inductor &




2.1 kW, 1-ph grid connected converter prototype enabled by 1200V, 20A SiC BiDFET

Control board

Grid-side capacitor bank
and damping resistor

..........

SiC-BiDFET

50 A

bridge
304
104
T
| 0A \\ et

-30 A

-25ms -20 ms -15ms =10 ms -5 ms 1] 55 ams 10ms 15 ms 20ms 25ms

(l'(ltf" d'l‘l ve Measure P1:rmsiC4) P2:rms(C3) P3:max(C4) P4:max(C3) P5:pf(C1.C2) P6g- - - PT--- Pg:---

b()a'rd value 1059 A 852 A 221A 126 A
status o

o o o
' ’ Thase 0.0 ms|[Trigger (BE(EE

500 Vidiv 500 V/div 20.0 Addiv 20.0 A/div 5.00 ms/div] Auto 1.0A

5MS 100 MS/s|Edge Positive

1.5000 kV 1.5000 kV/| -50.000 A 0 mA offset}

High frequency transformer voltages/current and grid
side current at 100% load at 240 V AC voltage.

\ ' | p * DC-side

i \JWAS BB " Full load operation at 400V input, 240V RMS output at 2.1 kW
inductor = // HF inductor * Total harmonic distortion in grid-side current: 4.8%
HF transformer ° Power faCtOI': 0.9998

Hardware prototype of the AC/DC DAB converter

arud Electrical and A l
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2.1 kW, 1-ph grid connected converter prototype enabled by 1200V, 20A SiC BiDFET

i - : Condrol board
Grid-side: capacitor bank

and damping resistor

SiC-BiDFET
bridge

Gate-drive
board

DC-side
bridge
Grid-side €
nduct :
) HI" inductor

HF transformer

Hardware prototype of the AC/DC DAB converter

\[K3)\j Electrical and
V\NIWESINE Computer Engineering

e CH & : : Ug Man =r: 2ZMHz S@ms [EENE]
1Pz (T : OFF Mz 1 H=

. 1T 18570 KWA

—0 . 0391 Kwvar

2.1 1s8524KkwW

EEEFETE]

Power factor and current total harmonic distortion at 100% load
at 240 V AC voltage.

e Measurement using Hioki Power Analyzer PW6001.
e Current sensors: 50 A, 2 MHz.
* Voltage potentiometers: 1000 V.
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2.1 kW, 1-ph grid connected converter prototype enabled by 1200V, 20A SiC BiDFET

oy ; Control board
Grid-side. capacitor bank

and damping resistor

SiC-BiDF KT
bridge

board

DC-side

hridge
S
Grid-side €
RN

inductor HF inductor

HE transformer

Hardware prototype of the AC/DC DAB converter

[y )\j Electrical and
VNW/S3NINE Computer Engineering

Gate-drive

Power loss distribution and efficiency vs PV generation

200 . . . T . 100
I . B Semiconductor loss
R =S : I Transformer core loss
. | | . [ |Winding loss
150 —F —=—t— 1% |[EEDC-side filter loss
g —osnl| 2 [ AC-side filter loss
g 1  » |——Overall efficiency
0 L 1 g . .
2 100+ 7 = 95.6% {90 & |——Semiconductor efficiency
= I | 161
: | |5 [P s W |
o i { M
R~ - n = 95.3% ]
20 485
L[n = 94.2% d
20% 40% 60% 80% 100%

Percent of rated PV generation

Overall efficiency, semiconductor efficiency and estimated loss
distribution at different rates of PV generation.

* Semiconductor efficiency indicates losses in the semiconductors estimated
after segregating the transformer, inductor and filter losses.

* Efficiency can be improved by improving transformer design and reducing
switching frequency for reduced turn-off losses.
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SiC Bi-Directional FET (BiDFET) packaging: 1200V, 50A half-bridge module

KSzA [ 4 L 4 KSzA ® T2
— L_ | —e Two BiDFETs in
G G
2A.—1 A I—. ** Parallel on High-Side
Gop B :l Gog
o':l | E
KS;p KS;p
* MID
KSI%_' |_.KS 1A
G1A._| | & | |—' Gia Two BiDFETs in
Parallel on Low-Side
e g " B
1B
1B | | 2T,

Half-bridge module schematic.

KS11 G11

KS11 G11

D1

G12 Ks12

G12 Ks12

KS21 G21

KS21 G621

D2

D2

G22 KS22

G22 KS22

Half-bridge module packaging layout.

Fabricated half-bridge module.

Size: 35x82 mm
lax= 54.9 A
Prax= 226.8 W

Half-bridge module thermal simulation

(h_coeff=750 W/m2K and Ta=25°C).

* The designed Half-Bridge Module contains two BIDFETs in Parallel per switch to enhance current and power

handling capability.

» The package is designed symmetrically to allow for easy installation in the converter.

[y )\j Electrical and
VNW/S3NINE Computer Engineering
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SiC Bi-Directional FET (BiDFET) packaging: 1200V, 50A half-bridge module

T
: ; Ron_1 Ron_2 Tc Tj1 T2
. : 1(A) VI(V) V2 P1 P2 P_total &

(Measure case temperature) : AV V2V md)  (m0) (W) P2 (W) P_total (W) O (0 (0

22 049 049 222 223 108 108 216 315 379 392

Multimeter

= (Measure :Vo'ltagé drop aCr'OSSthé'sWitCh) 27 061 061 225 227 164 165 329 355 421 443
- _ : 30 069 069 228 231 206 208 413 39 467 500
: . Power supply : 33 0.77 078 231 235 254 257 511 43 511 55.7
| (Input DC current to module @ Vgs=20 V) 3 085 08 235 239 305 310 615 48 565 622
Y— 39 093 095 239 244 362 370 731 525 617 686
12V DC Fan ; 42 103 106 246 253 432 445 817 60 T3 804
, 45 115 119 256 264 518 536 1053 68 830 937
5 ; ; 48 127 132 265 276 608 632 1241 75 945 1062
| BP-2 paraliel BDEET hait-brdgemodule 50 138 145 276 290 686 721 1407 82 10621207
Half-bridge module experimental thermal characterization testbench. Experimental thermal characterization testdata.
50 140
s —_— SW1 y = 0.0004x2 + 0.0382x + 20.362 o T Tj_1 y = 0.6868x + 21.329
E 4 | — R* =0.9995 5 —_— T R? = 0.9956
e sw2 < 100 12 T13x + 2.4/
e 30 5 80 =0.9935
B = S| e
= 20 = 2 5
T 10 : g 40 R* = 0.999
o =
0 20
0
0 50 100 150 200
i 20 40 60 _80 100 120 140 160 180
Temperature ("C) Total power loss (W)
Ron vs temperature Power loss vs temperature
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Diode
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Temp
Sense
Resistor

11000 |

MOSFET
Cells

Gen-2 BIiDFET: Chip Design

/

Polyimide
Nitride

Top Metal

Ni Ohmic

JBS Diode Half-Cell

Objective: Improved design with 2x lower specific on-

Polyimide
Nitride
Top Metal

Ohmic
P+

Channel:
0.3um/0.5um

= MOSFET Half-Cell

resistance for the same die size.

» Gen-1 BIDFET, with on-resistance of 50 mQ, has JBS diode
integrated within MOSFET cells.

» Gen-2 BIDFET, with on-resistance of 26 mQ, has JBS diode
and MOSFET in separate parts of the JBSFET chip.

> Gen-2 BiDFET On-Resistance further reduction achieved by
reducing gate oxide thickness from 55 to 27 nm and
reducing channel length from 0.5 pm to 0.3 pm.

> Higher ohmic contact anneal temperature used to further
reduce specific on-resistance.

> New BP-2 BIDFET Design has same active area and chip size

as the BP-1 BIiDFET.

JBS Diode Active Area = 0.045 cm?

MOSFET Active Area = 0.405 cm?

MOSFET R,, ¢, = 5.3 mQ-cm?

MOSFET R,,, = 13 mQ

BP-2 BiDFET R, = 26 mQ

BP-2 BiDFET |, =25 A

BP-2 BiDFET V,,=0.65V @ 25 A

YVVVVYVYVYVYY



Temperature

Sensing Pad
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000

T: Temperature Sensor

ew feature created in Gen-2 BiDFET:

n-Chip Temperature Sensing Capability

Makes use of Silic
Layer

No additional processing steps required

ed Polysilicon Gate Electrode

> Silicided Polysilicon Sheet Resistance: 3 Q/square

> 100 Q Poly-Si resistor integrated on-chip to allow

BiDFET device temperature monitoring



Temperature Sense Resistor: Uniformity

Sense Resistor Room Temperature Data

I PPy Py TS ) -;-_-:;‘_:{-EE.:{-_:E-:{- 20
012 ceszzemzz ittt N Lt
_______________ — 80

0.1 70C
%o.os 60 E
aca 50 g
30.06 40 £
0.04 :'ig:,ttom 30 g
—— middle 20
0.02 top 10
0 0
0 2 4 6 8 10
Voltage (V)
A
Do
— > Measured Temperature Sense
Bottom — Resistance @ RT =90 Q
Right 910 » Matches design value of ~100 Q
Middle 870 > Achieved project goal

- _@_7"’-
Top 92Q 9 <
Vs



The 1.2 kV BiDFET Switch: Switching Performance

Test Conditions: V- =800V, Ip o = 8-20 A, Case Temperatures: 25 °C, Gate resistances = 10 Q

LS Switch: 1.2 kV BiDFET (Vg,1, =-5/20 V, Vg 1. =20 V), HS Switch: 1.2 kV BiDFET (Vg 1, =-5 V, Vg 1, =20 V)

Current Flow Schematics:
With Low-side BIDFET G,; On

Ta

Ve

Il
|

-
B

L nv

i

.sz

N
™

J12

J11

‘DC

T»

x|

HC STATE

Electrical and
NWSsNINE Computer Engineering

Switching Loss (nJ)

& _ 1000 -
S = 800 - 60
> = 600
5 & 400 \ | \ / -50 2
= > 200 2
g 01 e -405
F30 &
=
F20 2
~
‘\1/\_') -
- K/’\N_O
o 20
56 10:m
2% ]
PRI
< > ]
o -10 T T T T T T T T T T
0 1 2
Time (us)
1600
1400
1200 Egwr
1000
800
600
400
200 Eorr
0

10 11 12 13 14 15 16 17 18 19 20
Switching current (A)

8 9

Liym (A)

Ion | Eox | Eorr Esw.r

(A) | (W)) | (uJ) Norm.
8 559 271 830 0.9
10 620 298 918 1.0
12 688 360 1048 1.14
15 792 438 1230 1.34
18 889 553 1442 1.57
20 939 633 1572 1.71

The BiDFET switching losses increase by a factor of
1.71x when I, rises from 10 to 20 A.

The BiDFET exhibits a current overshoot during
turn-on transitions due to output capacitance of HS
switch.
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The 1.2 kV BiDFET Switch: Switching Performance

Test Conditions: V- =800V, IT2T =10 A, Case Temperatures: 25 °C, Gate resistances = 2-20 Q
LS Switch: 1.2 kV BiDFET (Vg,1, =-5/20V, Vi ¢ =20 V), HS Switch: 1.2kV BiDFET (Vg 1, =-5V, Vg ¢ =20 V)

Current Flow Schematics:

. o o Eg 1000
With Low-side BiDFET G,; On Z< 800 - = Eopr
=2, S F 2001 5 ny) | ()
s E_ - 0 E
= E
(=) S 2 313 252 565 0.62
H o o
+ e =
A =
e _=|L'— = 5 456 259 715 0.78
J12| W] [e - 20 +
£ = 10 10 620 298 918 1.00
| g "~ S 2 ol 7
G B E 7 o e . . 20 964 566 1530 1.67
2.0 21 2.2 2.3 2.4 2.5
With Low-side BiDFET Gll Off 1600 Time (us)
1400 The BiDFET switching losses increase with gate
3 1200 Eswr resistance due to increased switching transition
z 1000 time.
S E
~ 800 ON .
of Increased gate resistance reduces gate current
L+ f: 600 leading to a slow transient (reduced dV/dt). The
Vo | ! z 400 slow transients result in a reduced current
2 200 Eorr
overshoot at turn-on.
0
0 2 4 6 8 10 12 14 16 18 20
Gate Resistance (£2)

[ 1 1 T
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The 1.2 kV BIiDFET Switch: Switching Performance — Loss vs Case Temperature

Test Conditions: V- =800V, Ipr, = 10 A, Case Temperatures: 25-140 °C, Gate resistances = 10 Q2
LS Switch: 1.2kV BiDFET (Vg 1, =-5/20 V, Vi =20 V), HS Switch: 1.2 kV BiDFET (Vg 1, =-5V, Vg ¢ =20V)

Current Flow Schematics:

= Te =140 °C - 60 E E E E
. Qt . = Te=125°C | ON i . SW,T
With Low-side BiDFET G, On = T :z wd) | @) (™))
= Kol S
= reeamce [0 E o 95 620 298 918 1
Ml
, e RS 500 5930 308 901 0.96
: -0 A
20 4 | | 75 556 301 857 0.9
g2 10 e .
= 5 o 100 540 316 856 0.87
2 Pz :
© _102-10 215 220 225 230 235 240 245 2.50 125 524 317 841 0.85
Time (us)
With Low-side BiDFET G,, Off | 1000 L\.\’ S 315 831 083
900
o Reduced output capacitance of the high-side switch
Ts = 800 Eow 5 c o c .
= E SwiT results in reduction of switching loss with case
| |G g
" EI 3 00 \ E.. temperature.
X 2 e £ 00 The BiDFET switching losses decrease by 17% as
=T Tes  EOR™ z 400 Eorr case temperature increases from 25 °C to 140 °C.
i |G 300 - o— — *——e
EI Re 200 r Peak currents at turn-on exhibit small reduction
s érf'%)_&._m_ 25 50 75 100 125 150 | with increasing case temperature.
BiDFET Case Temperature (°C)
Electrical and LW



The 1.2 kV BiDFET Switch: Static Characterization
N /

BIiDFET blocking characteristics:

100

BiDFET transfer characteristics:

[}
Q

=
W

=
[=]

w

@V, =20V

BiDFET Current (A)

=]

0

© 3
veee Voo =0V 3 3
Ver12=20V %3
-
0 e
5 3
03
5 8
2 4 6 —
Gate Voltage Vg, 14 (V)

Conduction through JBSFET-1 channel for both cases.
Vth @ VT2-T1 =20 V, IT2-T1=1 O mA WaS 1.35 V
Gm @ VT2-T1 =20 V, IT2-T1 =2O A WaS 17 S

-d; ® In 1St quadrant VG1-T1 =VG2-T2=O V, VT2-T1 >OV,
Zs0 0 Al JBSFET-1 V1,11 Supported by JBSFET-1.
o T2 T1
§ 0 - —— & « In 3 quadrant: Vgi11=Vgo.1o=0 V, V1o.11<0V,
¥ = V1,11 supported by JBSFET-2.
% 50 JBSFEF-2 " i1,
Y ” r BV @ 100 pA > 1400 V in both 15t and 31
100 ® quadrants.
-1500 -1000 -500 0 500 1000 1500
BiDFET Voltage V.11 (V)
BiDFET output characteristics:
Vo0V G2 Gl Vo720V G2 Gl G2 G1 Vem=20V
020V 20V 2oy 0-20V 20V
Jm TPy | oo | o e
T2 4_|'<_J T2 |__,_|'__|___|-<__| T1 T2 u | el T
20 i 0
< Veir=0-20V < Vgi11=0-20V <
‘é 15 In 5V Steps E 15 In 5V Steps E 5
Su § © §
Ve, =0-20V
E 5 E 5 E -15 In 5V Steps
3] =) =)
0 o o, @ 39
5 10 15 20 0 5 10 15 20 B ] -10 5
BiDFET Voltage Vr,.1; (V) BiDFET Voltage Vi, 1, (V) BiDFET Voltage Vr,.1, (V)
- Conduction through series « Output characteristics in 15t « Output characteristics in 39
* Knee Voltage =1.2 V. * Run@lpr=10Aand Vgiri= || * Ry @ lpry=-10 Aand Vo 1p=
20V is 50 mQ. 20V is 50 mQ.

LE+00

=
m
S
=1

b
5]

1LE-04

1E-05

BiDFET Current (A)

1E-06 *°

JBSFET-2.

@VTZ-T]. = 0.1 V

0

1

cccccccccccccccccccccccccccccc

2 3 4 5 6 7

Gate Voltage Vg,.1; (V)

Conduction through JBSFET-1 & JBSFET-2 channels
for Vgo.1o=20 V case.

No conduction for V,.1,=0 V case, because 0.1 V on
T2 is not enough to forward bias internal JBS diode of

Vth @ VT2-T1 =O.1 V, IT2-T1=1 0 mA was 1.73 V
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