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Why Wide Bandgap ?

Loss Comparison
(@30 kH2)

Tum-ON Switching Loss
wom Tum-OFF Switching Loss
= = Conduction Loss

Power(VA)

Si MOSFET

Si IGBT SiC MOSFET

Higher Power Levels Lower Switching Losses
Faster Switching speeds

Utilizing SiC SBD
Hybrid module

;e?g',ﬁg I Fu 5iC Module

“Weght 15k - 19% ‘h@ :’0;4959
i Max. 2000W . 30%
Season2 Season 3 S

(Oct.2016)
Weight Skg
Max. 220KW

-6kg - 43% (Oec 2011

weight size of inverter

Smaller Form Factor
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What is Wide Bandgap ?

* Wide bandgap semiconductors are materials

that possess bandgaps significantly greater than those of silicon.

Energy Bandgapin Materials

 This will enable devices to operate at :
/""" - Higher voltage

- Higher temperature

- Higher frequency

Electron energy

Insulator Semiconductor Conductor
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Theory of Wide Bandgap

« SiC will stay the preferred choice

High voltage si for high T° application
operation + GaN could possibly reach high-
—SiC voltage values but thus will

require bulk-GaN as the substrate.
« Silicon cannot compete at the
Thermal high-frequency range
Cond uctivity

(W/em.*C)

Energy gap (eV)

High T°
Electron velocity Melting polit applications
(x107 cm/s) (x1000 °C)
\ J
B il
High Frequency
switching

Comparison of the figures of merit of Si, SiC and GaN [Source: Yole Développement]

0 31 AUGUST 2022



Theory of Wide Bandgap

Material | E'€ctric Field Vsat - Higher Electric field and higher Vsat (saturation velocity) :
(MV/cm) 1077(cm/s)
Si 0.3 1.0 - Higher Voltage rating
SiC 2.0 2.0 - Increased drain current
GaN 3.3 2.5
- Better on-state performance
C 5.6 2.7
- Improved switching
Material Therr;(%/(é&ngg)ctivity  Higher Thermal conductivity enables :
Sj 1.5 - Higher power density
SiC 4.5 - Better reliability
GaN 1.3 _ .
c 20 - Higher temperature capability

0 31 AUGUST 2022 8



What is Wide Bandgap ?

GaN (Gallium Nitride) SiC (Silicon Carbide)
- Gallium + Nitride * Silicon + Carbon
. Used in RF, LED ...  Used in Automotive ...

 Some properties ; * Some properties ;

- high electron mobility - high strength

- allow small form-factors - hardness

- high thermal conductivity
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Applications
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Test Configuration

- 2600-PCT-4B

ACS Basic software @PC

2636B
SMU 1,2 & TSP Node : 1

2657A
SMU 3 & TSP Node : 2

2651A
SMU 4 & TSP Node : 3

8010 Test Fixture

SMU + CVU + PMU

0 31 AUGUST 2022

12



Test parameters - GaN

Dynamic characteristics

Symbol Parameter Conditions | Min |Typ |Max | Unit
Static characteristics
Vgsith) gate-source threshold ID =1mA; Vps=Vgs; Tj=25°C 34 39 45 A
voltage fo = 1 mA; Vps=Ves: Tj= 175 °C; Fig. 9 22 |- - Y
ID =1 mAl VDS=VGS; T| =-55 UC; Flg 9 - - 5.2 A"
lpss drain leakage current I‘/DS =650V;Vgs=0V;T;=25°C - 2 25 pA
lJDs =650V;Vgs=0V; T;=175°C - 25 - uA
lgss gate leakage current l‘/GS =-20V;Vps=0V;Tj=25°C - 10 100 nA
IJGS=20V;VDS=0V; T;=25°C - 10 100 nA
Rpson drain-source on-state l‘/GS =10V;Ipb=25A;Tj=25°C - 50 60 mQ
resistance s =10V; Ip=25A; Tj= 175 °C; - 120 |- mQ
ig. 10
Rg gate resistance |f =1 MHz - 23 |- 0

Qaitot) total gate charge IID =25A;Vps =400V, Vgs =10V, 15 nC
Qgs gate-source charge I'J =25°C 6 nC
Qep gate-drain charge I 4 nC
Ciss input capacitance I\.’DS =400V;Vgs=0V;f=1MHz; 1000 pF
Coss output capacitance fj=25°C; Fig. 11 130 pF
Crss reverse transfer 8 pF
capacitance
effective output 0V = Vpg= 400V; Vg =0V; 190 pF
capacitance, energy T;j=25°C; Eig. 12
related
Coin) effective output 0V <= Vpgs 400V; Vgs=0V; 310 pF
capacitance, time Tj=25°C
related
tajon) turn-on delay time Vps =400V, R =16 Q; Vgs=12V; 57 ns
t rise time Ra(ext) =40 Q 10 ns
taom) turn-off delay time 88 ns
1 fall time 11 ns
Qpss output charge Vgs =0V; Vpg =400V 125 nC
Source-drain diode
Vsp source-drain voltage Is=25A;Vgs =0V, T;=25°C; Fig. 13 1.9 A
Is=125A;Vgs=0V; T;=25°C 1.35 \Y
tr reverse recovery time |ls = 25 A; dlg/dt = -1000 A/ps; 54 ns
Q; recovered charge Ves =0V Vps = 400 V; Fig. 14 125 nC

https://assets.nexperia.com/documents/data-sheet/ GAN063-650WSA.pdf
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https://assets.nexperia.com/documents/data-sheet/GAN063-650WSA.pdf

Test parameters - IGBT

ELECTRICAL CHARACTERISTICS (T, = 25°C unless otherwise noted)

Parameter [ Test Conditions | symbol Min Typ Max | unit |
OFF CHARACTERISTICS
Collector-emitter breakdown voltage, Vge=0V, BVees 650 - - v
gate-emitter short-circuited le=1mA
Temperature Coefficient of Vge=0V, - 0.6 - Vi°G
Breakdown Voltage le =1 mA L?.’I_Eﬁ-
J
Collector-emitter cut-off current, Vge=0V, lces - - 250 A
gate-emitter short-circuited Vee = 650V
Gate leakage current, collector- Vge=20V, lges - - +400 nA
emitter short-circuited Vee=0V
ON CHARACTERISTICS
Gate-emitter threshold voltage Vae = Vg, lo = 50 mA Ve 3.4 4.9 6.4 A
Collector-emitter saturation voltage Vee=15V.Iz=50 A VeE (sat) - 1.6 21 Ay
Vee=15V, Ig=50A,T;=175°C - 1.95 -

DYNAMIC CHARACTERISTICS

Input capacitance Ve =30V, Cias 3209 pF
- Vee=0V,
Output capacitance f=1 MHz Coes 42
Reverse transfer capacitance Cras 12
Gate charge total Ve = 400V, Qg a4 nC
- lg=50A,
Gate-to-emitter charge Vae =15V Qge 17
Gate-to-collector charge Qg 23
SWITCHING CHARACTERISTICS, INDUCTIVE LOAD

Turn-on delay time Te = 25°C, tdjon) 19 ns

— Ve = 400V,
Rise time Ie = 25 A, t 11

. Rg =474
Turn-off delay time Vae=15V, Lot a7
Eall time Inductive Load, t 5
FWD: AFGHLS0TE55QD

Turn-on switching loss Ean 0.35 mJ
Turn—-off switching loss (= 0.12
Total switching loss = 0.47
Turn-on delay time Te =25°C, tajon) 20 ns

— Voo =400V,
Rise time Iz =50 A, t 28

. Rg =4.7Q,
Turn-off delay time Vge =15V, Lot 81
Eall time Inductive Load, t 36
FWD: AFGHLS0TE55QD

Turn-on switching loss Eon 0.95 mJ
Turn-off switching loss Eqn 0.46
Total switching loss Eie 1.41

https://www.onsemi.com/pdf/datasheet/afghl50t65sq-d.pdf
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https://www.onsemi.com/pdf/datasheet/afghl50t65sq-d.pdf

m BVces

Test condition

Test result

Definton Dats  Shatus

Defiiion  Datz  Status

(@Plotand Dats ()PlotOnly () Data Only

Mode

()oc only
(8) Pulse Avaiable

GND

——— =00006A ] .
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1 hm V_Collector 1_Colector BVCES
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mlces & Iges

Test condition

Test result

Definion Data ~ Status

Defintion  Det2  Status

(@PictandData (O)Pictonly () Data Only

Mode
xle-8
@®oc only 2 98- ‘ ‘ =
OPuIse Ay D!fﬂtbﬂ Data  Ghatue LT N S S :
B i i i
o
Mode E 5103 eereesereseres Qe erseesseessee s ee b ee R AR s esees R RS ek bRt s e s
@®0ocony 3 G592
\J Timing () Pulss Avaiabie 581 - "
590-
s 10 15
[] Stop on Compliance G ' time '
W 2 (W
& g ] p+¢ MEN EBL KEITHLEY
GROUP1
Compian | am 8 avi) ) £ F G ) A
B gw - > E 1 ftime V_Collector 1_Collector VCES 1CES
Device Num  SMU 2100011 L20002e+3  [S96034eB  |L200503e+d  |SS0852e8
GND 3 (135071 L00E0e+3  [5oH93ed
4 |L7014e1 1.2005e+3 5.342632e-8
5 |20515-1 1.2005e+3 5.93%6133-8
6 | 140286-1 1.200503e+3 5.931165-6
m 7 |27535%e1 1.200502e+3 5926048
3 s = 8 31031 1.200505+3 5.924364e-8
DeviceNum SMU ~ Pad  Function ForceMode =~ Source  Measure Compliance MeasRange  Advanced o e hammer T
10 [3.80574e-1 1.20054e+3 5.9195%-8
11 [4.1546e-1 1.200505+3 5.91782e-8
i 12 [4507071 L20050M4e+3  [5316522¢°8 Y
ICES DiCeInaT) I
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m Vge(th)

Test condition Test result

Defintion  Datz  Status

Definiton Data  Status
(@Plotand Dats ()PiotOnly () Data Only

Mode
pooo B T S
@ DC Only ' : : :

() Pulse Avaiable :

Ice(amps)

ped OEN ERL KEITHLEY

GROUPL

\ A B(X) (4 D(¥1) F [ H 1 ] A
1 fime V_Gate V Colector |1 Collector VGETH

2514 3956384 3957899 1.693932¢-5 I 581314
302532 4.003836 4.007364 2.085765¢-5 I
600542 4.020453 4.01685 2057515

502552 4030802 4.028258 2.125936¢-5 ‘
12025621 4.040585 4037724 2.106318-5
1502571 4048848 4.048081 21371475
1.80258=-1 4.061027 4057728 21193975
2102551 4071159 4069155 21362135
10 | 24026e1 4.081817 407013 2.130607¢-5
11 2702611 4030726 4.08737 21390155
12 3002621 4097152 4.095049 2.18666¢-5 Y

3
“ . 2 uuuuz_ ................................................. .................................
\g} Timing | | | :
Vge(volts)
[] Stop on Complance E
GND

DC Linear:[3, 7,401, 0,001]  I+V 0.2

Vge(th) = AT(V_Gate,FINDLIN(I_Collector,0.00085,2))
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m Vce(sat)

Test condition Test result

Setup Datz  Stabug

Defintion Data ~ Status

@PlotandData ()PlctOnly  (O)Data Only

()oc only
(8) Puisz Avaiabie

| AX) B(V1) C D E F G H I ) A

: ey MMN EEL KEITHLEY
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12 118801 4 3R10RR

W N e e W N e

DeviceNum SMU  Pad  Function ForceMode  Source  Measure Compliance MeasRange  Advanced

| VcaSAT MIX_PISSIDST2
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m Rds(on)

Test condition Test result

Defintion Data  Status Defrton Do Sttus
(@Plotand Dats ()PotOnly  (O)Data Only
Mode

(8)Puse Avaiable

Rds (Ohm)

3 e 1 &

[+] Stop on Compliance 5 ' ' I (Aps)

GND ped MY BEL KEITHLEY

GROUPL
\ A B o(x) D E F(v1) [ H I ] A
1 fine \_Drain 1 Drain V Gate RDSON RDS
Device Num SMU Pad | Function = Force Mode Source Measure w'ﬂlﬂ Hﬁism Advanced 2 251ed 1576648 3.57077e1 1,000028e+1 5650302 5.535%3
3 3008 2540089 sas608iel  |LONITert 5650004
4 (6052 L6771 el [10DMBder1 570078
5 90154 LRI esttbiel  [L0MHSert 56003
6 | L2t 290551 09582 1 1000216+ 56T
7| L5008kt 100554 S0l |10+ 553
8 |LETet 105314 ATVl |L000M47est SE55HT
9 |20t 158316 SEMel [L000M7edt 5685633
— . . 10 240551 13068 SREMel L0003k 50U%
RDS—V Draln/ I Draln 12706t 1411 oomssiel  [L0M1er 565147
- - 12 (300611 1511846 G102l [LODMMer S 15T Y

RDS(ON)=AT(V_Drain,FINDLIN(I_Drain,1.3,2))/AT(I_Drain,FINDLIN(I_Drain,1.3,2))| | seusssw]
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m Ciss & Coss

& Crss

Test condition

Test result

200vsweep#1

e All Parameters

10.0E-9

' MOSFET Capacitance Characteristics

Frequency | Te+06 |Hz
Startv |200 |v
CVRange | Auto | v | 1.06-9 T ;
StopV | - v
op | 200 | | Legend
Speed |Quiet v |
StepV | -50 |v Coss
Crss
Ciss
SweepDelay | 1 |s =
o
SweepSMU | SMuU1 | v ‘
_ —
l:‘ OpenCompensate
B CJsmcampres
SMU1Bias | 0 |V CVUCableLen |CVIV'I,5m Awire075m | v |
SMU2Bias | 200 |V MeasiSMU |smu2 |+ |
PreSoakV |5(] |V 10.06-12 '
SMU3Bias |n |v ACVolt |m,3 ‘v e 2 g ¢ e e o e =2 e e e e e e e g e o o 2
orage | O g 0% & & & & & & & & & &£ & & & & ¥ & & & &
PreSoakTime | 3 s e e g8 8 g 2 2 2 2 ] 8 s g8 8 = 8 2 g 2 2 8
SMUA4Bias |n |v = = > > 5 ¥ = - = =
Voltage




m Qg (Qgs & Qgd)

Test condition

Test result

gate charge test#1

Drain

Force HI

Gute drainsMU|

i %

1 E
gateSMU ’smuu ‘ gatesmu || Source

St ,“ = .
gateCurrent {woa (A Q ° g

VgsMax {8 ]"v

timeOut [eo e

Coffset [ ] i

,\gm J All Parameters

drainSMU [ SMuU2

ws [s

drainLimit! ’ 01

measDrain l 1

Jivanu s n
10.0E+0

VgAmay

9.0E+0

80E«0

60E+0

R | ORI COPERRNURY, UL (RRIET - (O

30E+0

20E+01

1.0E+0¢

0 CE+0

00E+0

HNOEY

400E91

E00E9
700E9
8 0E9
€0E9
1100E9
1200E9
130 0E9
140 0E.9

VgCharge
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m Self-heating effect

Test condition

Test result

vds-id-heating#1

Operation Mode | Voltage !
Start | 2
Stop | b
Step | 1

[or

Compliance | 0.1

D Measure Current I

pulse-vds-id#1

sMU3

PMUT-1 |*

Operation Mode | Pulse Amplitude Step | v

v
v

| All Parameters I

Drain
Operation Mode
Start

Stop

Step

Base

PMU1-2 v

Pulse Amplitude Sweep | v
v
5 v

02 v

1

PMU1-2GND v

Operation Mode | DC Gnd ‘ v

PMUT-1GND

v

Operation Mode | DC Gnd ‘ v

Ids (Amps)

20

18

16

[y
N

(=Y
o

[ee)

MOSFET Output Characteristics

—o—Vgs = 4.5V

——Vgs =5V
—e—Vgs = 5.5V
—o—\Vgs = 6V

——V(gs = 6.5V
—0—\Vgs = 4.5V

—8—Vgs =5V
—0—\Vgs = 5.5V
—0—\Vgs =6V

—8—Vgs = 6.5V

2 4

6
Vds (Volts)

10

DC Pulse
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Tektronix Suggestion

1. 2600-PCT for measuring various parameters except capacitance

™

| .
CURVE TRACER

0 31 AUGUST 2022
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Tektronix Suggestion

1. 2600-PCT Spec

. Step Auxiliary
Collector/Drain Supply Generator Supply
Model : :
High Voltage | High Current Base/Gate
Mode Mode supply
Low Power 2600-PCT-1B 200V/10A 200V/10A 200V/10A N/A
High Current 2600-PCT-2B 200V/10A 40V/50A 200V/10A 200V/10A
High Voltage 2600-PCT-3B 3KV/120mA 200V/10A 200V/10A 200V/10A
High Currentand | 5q44 per4g | 3Kv/i120mA | 40V/50A 200V/10A 200V/10A
High Voltage
High Current and 2600-PCT-4B
High Voltage + 2651A 3KV/120mA 40V/100A 200V/20A 200V/20A

0 31 AUGUST 2022
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Tektronix Suggestion

1. 2600-PCT Software

Automated Characterization Suite(ACS) ¥1.2BASIC

BECEK o Qration ook UV r
VoM DES P HX| g0 B | o DSEEA > CPiil€ &3
mt—_-?—r —— nition State

wm lml g (@) Piot and Data () Piot Only () Dats Only
€& en

ACSADMIN| €\ Documents and Settings | icheney'\ My Documents' my ALS projects\ Agent Smith examples\ jsmirain STM_PFIM)

# Automated Characterization Suite(ACS) V5.3(DEMO)---ACSADMIN[C:¥ACS¥Projects¥TEST]

Eile Edit View Operation Help

Tools

&=

#
»
W @ osrer SR IDVG Transfer Curve
gﬁm_m o » - Patterns ﬁ O
] G v W sy 2 o il pettern_1 [ P i
3 P2 1 By  Bast » - M suesITEL m.l : 0.0008
» & reoll)1 + L-o-{_] @ DIODE_26¢ 0.000B |mrmemerrrre i e s s nessennsncdeceraccconcniei foranne N e
M " Swep ¥ i ) i 1rvr
Ievos_Bastd = i -]
= P fcvee Buas! 34 $ ) {9 oFeseT 0.0006
» [ @ RESISTOR 2T Q Sweep ' [ @ omosFET_26 - _ 0.0006
s | - H i =
[7) ¥ Sweep_I¥_2500) " sep¥ 1 H | R g : z
 smpt = ! O 8 1ave a) - 0.0004
»-_ ®DIOE | | B i@ wvaz 0.0004
[ ¥ Sweep_tidvfd = & i 10va_puse H
[ {9 Sweep_Irdird ' @ 0.0002 i 0.0002
0 %) st H H
( Ftm . ! bl 0.0000 ; i
l v i Ty | oo 3o
L q mm_; t——tt— ‘;J
) #tm ptm 3 o)
= u | X = P - y
] s son.t ] e+ @& B8 KEITHLEY
r:\ % GROUPL
AKX B(Y1) c(vz) o E F(Y1) < ~
[+ 1 Sate 1_Drain GM1 POS_GM X _GM FIT_GM VT _GM
3 2 o 1.655156059799-12 | #REF 33ee1 155 1205385591210 [1.306703343%8 |
3 Se-2 6.72340384322e-13 |-2.04563135054e-11] -1.1631053802%-3
- le-1 8.23736207283e-13 |3.02791645523e-12 -1,11683316936e-3
é Prebar Cortral 5 [15e1 5.7261136700%e-13 | 5.77515554511e-13 -1.070556958442-3
6 [2e1 1.821517979850-12 | 1.697811985698-11 “1.02428074752%-3
7 |25e1 3.57682150997e-12 |4.310607860240- 11 5780045365514
Automation 8 [3e1 5.75234607012e-12 |5.5510483202%e-11 -5.31728325668e-4.
] k3 3.5e-1 1.78873530571e-11 |1.8270013973%-10 -8.854521147449-4 v
e
| < >
[ 'q Summary Report g
Automated Characterization Suite Keithley Instruments, Inc.
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Tektronix Suggestion

1. 2600-PCT Setup

PCT CONFIGURATION
Model 2600-PCT-4B

WAFER LEVEL CHARACTERIZATION

8020 High Power
Interface Panel

8010 High Power
Device Test Fixture

Prober

‘Wafer -

Probe Chuck

PROBE STATION

PACKAGED PARTS CHARACTERIZATION

\;

RESULTS!

0 31 AUGUST 2022
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Tektronix Suggestion

2. 4200A for measuring capacitance and pulse IV

>elE D00

0 31 AUGUST 2022
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Tektronix Suggestion

2. 4200A Spec

Modules Description Key Measurements Range
4200-SMU Medium power +100 MA. +210 V
4201-SMU Source Measure Unit e DCIV - T
4211-SMU Source Measure Unit frequency C-V) T

. QScv
E for all
4200-PA Remote Preamplifier Module xter’1ds current ranges for a
SMU’s
1 kHz — 10 MHz
. . o AC Impedance +30 V built-in DC bias
4215-CVU Capacitance-Voltage Unit . C-V, Cf, C-t (60 V differential)
+210 V DC bias with SMU’s
e DC I-V and C-V with aut ti
4200A-CVIV | 1-VIC-V Multi-Switch Module Y and o wiih aufomatie :
switching
+ -p), +
. Pulsed |-V +40V (80 V p p), £800 mA
. 200 M Sa/s simultaneous |
o SegmentARB® multi- and V measure
4225-PMU Ultra-Fast Pulse Measure Unit level pulsing .
. 2048 unique segments
. Transient Waveform
Capture 20 ns PW source only
P 60 ns PW source/measure
4225-RPM Remote Preamplifier/Switch DC I-V, C-V, Pulsed I-V with Extends current range of 4225-
Module automatic switching PMU unit
. o Pulsed voltage source
+ -
4220-PGU High Voltage Pulse Generator . SegmentARB® multi- 40V (80 V p-p)

Unit

level pulsing

2048 unique segments

0 31 AUGUST 2022
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Tektronix Suggestion

2. 4200A features

* Integrated parameter analyzer that reduces « Jumpstart testing with over 250 user-modifiable,
characterization complexity, troubleshooting and searchable application tests
test set up time. No complex programming required

* Fully characterize a device, material or process  « |ndustry’s first instrument with built-in

- DC I-V Source Measure Units (SMU) measurement videos
o AC Impedance Capacitance-Voltage Unit (CVU) o “YouTube-like” experience
o Pulsed I-V Pulse Measure Unit (PMU) o (Get answers faster and investigate unexpected

results more quickly
 Industry’s easiest methods to switch between |-V,

C-V and Pulsed I-V measurements

e 31 AUGUST 2022 30



Tektronix Suggestion

2. 4200A Software

_o I, L g &

Run stop Save Tools

:Eo i w i

> =

Save Tools

MyProjects My Seftings  Loarning Center fun stop MyProjects MySettings  Loarning Centor
Select Configure Analyze
® m Terminal Settings Help ® ¥ 7 —— i - ® Terminal Settings ~ Help
Copy  Cut Rename  Delete ey —* ey
vds-id#1 - Project: MOSFET_TEST Runt Formulas List [~ ‘ “ 20160621 11:1223.521
More. Brec 199

~ Measure Settings

Speed | Normal | v

[ ] Report Timestamps
Test Mode

Mode | Sweeping |
Sweep Delay | 0 s
H:ldTinzl:’s

Select Configure Analyze
© b 4 # W | wasian AlParameters |
Copy cut FRename Delete
Project: default A
4 & 4terminalnfet
Operation Mode | Vltage Linear Sweep | ¥
vds-id ' ,—|
F . Start | 0 v
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Tektronix Suggestion

3. Keithley Parametric test system for measuring various parameters
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Summary

Wide Bandgap Semiconductors will play a big role of power devices.

They are smaller, faster and more efficient than Silicon Counterpart.

For meeting this, the characterizations involve measurements for materials is needed such as

conduction loss, switching loss and many other parameters.

Tektronix/Keithley can suggest 2600-PCT, 4200A and Oscilloscope with IsoVu for test.
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Thank you !
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