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Demands on the Package for WBG

High blocking 
voltage

High temperature capability
o structures for metallization
o High temperature cycling capability
o High temperature silicone gel and 

epoxide
o Hermetic seals

Low RDS,ON

High current density
oAlternatives for bond wires
oLead frames for chip top contact
oFlexible conductor foils for top 

contact

High switching speed
High frequency
o 3D integration, 

multilayer, embedding 
WGB

High cost
o High thermal conductivity of 

materials  AlN & Si3N4

o Improved Cooling
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Low RDS,ON

 Low specific RDS,ON leads to

 Higher current

 smaller chip size

 Higher current density to handle

 Bond wires come to 
their current density limit

 Chip size per amp is smaller 

 Improved heat spreading

 Improved thermal resistance
by principle

 But: current rating per chip is smaller
due to yield optimized chip size

 More parallel dies are needed
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High Switching Speed

 Mainly based on the  migration 
from Si bipolar to WBG unipolar
(keeping the same voltage level)

 Lower switching losses

 Higher switching frequencies

 Or lower chip size

 Load circuit: di/dt generates 
voltage overshoot  at switch off 
 Low inductive

 Gate circuit: di/dt generates voltage, 
reducing switching speed  integration

 Unipolar devices can switch fast, faster than the packaging allows
 WBG gives the development a new push for new packaging 
developments

J. Biela et. al.: Impact on Power Density Maximation on 
Efficientcy of DCDC Converter Systems, IEEE
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High Temperature Capability

 The maximum operating 
temperature for semiconductors 
can be calculated from their 
intrinsic carrier density which 
depends on the band-gap 

 HV applications: 
Practical limit for Si devices is 
reached at 150 °C

 LV applications:
Practical limit for Si devices up to 100 V blocking 
is at approx. 250 °C

 SiC (and GaN) have no practical limit
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High Temperature Capability

 There is no drawback of electrical 
parameters for SiC operated at 
high temperatures in comparison to Si

 SiC devices operate in a smooth way
in terms of paralleling 
(voltage, current and temperature
dependency on Uth, RDS,ON)
 multichip power module on the market

 GaN still needs some improvements

Comparison of the RDS(on)

Si MOS8 (1.2 kV, 0.30 Ω Si MOSFET, Microsemi)
SiC MOS (1.2 kV, 80 mΩ SiC FET, Cree)

GaN1 FET (650V, 35mΩ, GaN FET, Transphorm)
GaN2 FET (600V, 140mΩ, GaN FET, Panasonic)

GaN1

GaN2
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 Market for SiC power modules is expected to 
increase to 11% until 2023

 SiC usage – especially big increase in 
automotive sector

 e.g. Tesla inverter since 2018

 e.g. Tier-1 suppliers such as ZF, Bosch, etc.

 e.g. OEMs such as BYD, Renault, Tesla, etc.

Yole: Status of the Power Electronic Industry 2018 https://www.pntpower.com/is-teslas-production-creating-a-sic-mosfet-shortage/

Tesla model 3 inverter

24 power modules 
each 2 SiC MOSFETs

Trends in power electronics
Wide bandgap
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 Power electronics devices market for EV / HEV

 Strong increase of Si and SiC modules to be expected for EV / HEV

Trends in power electronics
Wide bandgap

Yole: Power Electronics for Electric & Hybrid Electric Vehicles 2020 report, 2020
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High Blocking Voltage

 State of the art: Si bipolar migrates to WBG unipolar

 There is no push to 
higher voltages in 
general due to the 
lack of bipolar 
devices on the market

 „Cheap“ GaN 
cannot handle 
voltages > 1000V

 SiC unipolar has a 
commercial limit 
at 3.3kV – 4.5kV

  No change expected

Si technology limit
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Wide Bandgap Product Range

Voltage Rating

Current Rating

<10 20 50 100 200 500 1000 >2000

GaN on Si/ SiC

SiC unipolar

<200 600 900 1200 1700 3300 6500 >6500

GaN on Si/ SiC

SiC

SiC unipolar bipolar
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SiC Packaging: Manufacturers 

 Infineon

 Rohm

 Wolfspeed (CREE, APEI)

 Panasonic

 On Semiconductor

 Fuji

 Hitachi

 United Silicon Carbide

 Vincotec

 Danfoss

 Semelab

 Semikron

 GeneSiC

 Xrel

 Littlefuse IXYS

 Powersem

 Mitsubishi

 Microsemi

 ST

 …
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SiC Packaging – Discretes „Transistor Outline TO“

 Discretes TO258 and similar 

 used in the very early years 
for engineering samples

 THD Through hole device

 Advantages

 Simple to package (no moulding equipment needed)

 High temperature capability

 Hermetic sealing option

 More advantages on the next slides…

 Disadvantages

 Cost

 More disadvantages on the next slides…

TT Semelab
SML100M12MSF 
JFET TO258
max. 200°C
1,8K/W

J. Lutz, Halbleiter-Leistungsbauelemente
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SiC Packaging – Discretes „Transistor Outline TO“

 Discretes TO220, TO247 

 THD Through hole devices

 Widely used is 3 pin configuration, higher pin count possible

 In most cases single chip in one package

 Packaging

 Die attach single sided on Cu lead frame

 Top contact wire bonding

 Transfer moulding by plastics

 Advantages

 Cu lead frame is an excellent heat spreader

 SMD version is soldered to circuit board  low Rth

 Widely used, extremely low manufacturing cost

 High lifetime

TO220-2L

TO220-3L



Slide 16
20.05.2021
Andreas Schletz
© Fraunhofer IISB

SiC Packaging – Discretes „Transistor Outline TO“

 Disadvantages

 No internal electrical isolation

 Thermal interface material needed

 Single chip solutions lead to high parasitics (inductance 5..10nH)

 Limited current handling by 

 Leads, bond wires and mountable number of bond wires

 mountable chip size

 Limited paralleling capabilities 

 Ohmic resistance dominated by package for low RDS,ON semiconductors

 Chip to package volume ratio  

 Screw or clamp contact

 Number of pin out is limited

 4 lead connections available with Kelvin source TO247-3L

TO247-4L
1,1K/W
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SiC Packaging – Why Kelvin Source

 Switching speed limited by parasitic source inductance LS

 Common source: 𝑢𝑔𝑠,𝑖𝑛𝑡 = 𝑈Driver,GS − 𝑅𝑔𝑖𝑔 − 𝐿𝑔
𝑑𝑖𝑔

𝑑𝑡
− 𝐿𝑠

𝑑 𝑖𝑔+𝑖𝑑

𝑑𝑡

 Kelvin source: 𝑢𝑔𝑠,𝑖𝑛𝑡 = 𝑈Driver,GKS − 𝑅𝑔𝑖𝑔 − 𝐿𝑔
𝑑𝑖𝑔

𝑑𝑡
− 𝐿𝑘𝑠

𝑑𝑖𝑔

𝑑𝑡

 No advantage without disadvantage
paralleling is more complex

KS

S

G

D

LS

LGRG

LKG

LD

G

LS

S

D

LGRG

LD
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SiC Packaging – Why Kelvin Source

Switching energy reduction

TO-263-7
with Kelvin-Source

- 50 %

TO247-3L

True for voltage source
gate driver only M. März@ LEE

T. Heckel @ LEB



Slide 19
20.05.2021
Andreas Schletz
© Fraunhofer IISB

SiC Packaging – Discretes „Transistor Outline TO“

 Discretes exotic ones

 Packaging

 Metal can

 Die attach single sided on Cu base

 Top contact wire bonding

 Advantages

 High temperature capability

 Optical can option for sensor applications

 Disadvantages

 All of the TO slides before

 No internal electrical isolation to can

 No possibility for an advanced cooling

 Cooling takes place by convection/ radiation to the ambient

 Conduction throughout the pins

 Long pins lead to high inductance

GeneSiC GA05JT01-46 JFET 
TO46
max. 210°C (5.8A@Tamb=25°C)
9,86K/W
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SiC Packaging – Discretes „Transistor Outline TO“

 Discretes exotic ones

 Highest temperature capability 
on the market: 250°C

 Back side isolation

 Hermetic seales

 Maybe not the cheapest 
package solutions

Wolfspeed CREE APEI
HT-0124
Diode TO254
210°C 

GeneSiC 2N7640-GA
TO 276 (SMD)
0.6K/W
210°C

XRel
Semiconductor 
XTR1K1210
TO257
250°C
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SiC Packaging – Discretes „Transistor Outline TO“

 Discrete SMD surface mount devices

 Widely used is 3 lead configuration, higher pin count possible

 In most cases single chip in one package

 Packaging similar to THD devices

 Advantages

 Cu lead frame is an excellent heat spreader

 Soldered to circuit board (no TIM)  low Rth

 Widely used, extremely low manufacturing cost

 High lifetime

 No screws

 Disadvantages

 Refer to THD packages
TO252 (DPAK)

TO-263-6
1,1K/W
max. 150°C

TO-263-7
0,53K/W
max. 175°C

DDPAK
1,6K/W
max. 150°C
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SiC Packaging – Discretes „Transistor Outline TO“

 Packages with integrated 
antiparallel diode are available

 Perfect arrangement from the
packaging point of view,
FET and diode side by side

 Same pinout compared to single switch

 Thermal coupling uses complete 
back lead footprint for heat spreading

 Transistor: 0.51K/W

 Diode: 0,82K/W

 Comparable to single switch TO263 
for single devices

GeneSiC GA20SICP12-263
TO-263-3
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SiC Packaging – Discretes „Transistor Outline TO“

 Packages with integrated 
freewheeling diode are available

 Perfect arrangement from the
electrical point of view

 Perfect pinout 

 Inductive load: 
D or T conducting current with 
heat dissipation

 Thermal coupling keeps 
temperature swing 
of the case low

IXYS MKE 11R600DCGFC
CoolMOS™ Power MOSFET
with SiC Diode
Insulated back surface (DCB) 2.5kV
MOSFET 1.1K/W
Diode 3.1K/W
Low drain back capacitance: 40pF

1 2 3 4
5
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SiC Packaging – Discretes „Transistor Outline TO“

 Insulated backplane

 Baseplate design with screw mounting

 TIM needed

 Screw contacts for electrical contact (M4)

 Direct PCB mountable on top

 Kelvin contact for source

 Capacitance to ground typ. 45pF

 Inductance typ. <5nH per lead

 Rth = 1,1K/W

IXYX IXFN70N120SKSOT-227B
(minibloc/ Isotop)

Picture source: IXYS application book S23
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SiC Packaging – Discretes for High Voltage

 Bibolar devices (!)

 Up to 15kV blocking voltages

 Custom packages

 Creepage distances not made for air

 PiN Diode: approx. 5..6V voltage drop

 Thyristor: approx. 3..4V voltage drop

GeneSiC
GA01PNS150-220
SiC PiN Diode
175°C
15kV/ 1A

GeneSiC
GA080TH65
SiC Thyristor
SOT-227 form factor
150°C
6,5kV/ 80A
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SiC Packaging – Power Modules

 State of the art 
Si packaging adopted to SiC

 Hybrid SiC 
(Si MOSFET + SiC Schottky diode)

 Impressive Chip size relation
between Si/ SiC

Infineon FF600R12IS4F 
Hybrid Si IGBT/ SiC Schottky diode
PrimePACK
1200V/ 600A/ 150°C/ 18nH
Copper baseplate, Al2O3 insulation

Infineon
EconoPACK™
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SiC Packaging – Power Modules

 State of the art Si packaging adopted to SiC

 Full SiC (MOSFET + Schottky diode)

Wolfspeed CREE
WAS300M12BM12
Halbbridge
1200V/ 300A/ 4.2mΩ/ 150°C/ 15nH
62mm Screw Connection
Copper baseplate, AlN insulator

Wolfspeed CREE
CCS050M12CM2
SixPack
1200V/ / 87A/ 25mΩ/ 150°C/ 30nH
42mm Pressfit/ Solder Connection
Copper baseplate, AlN DCB

http://techon.nikkeibp.co.jp/english/NEWS_EN/20130516/281811/
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SiC Packaging – Power Modules

 And where does all the inductance come from?

 Case study by Semikron:

 Power Module based on bond wires: 5,2nH (DCB only)

 First SKiN: 3,5nH (DCB only)

 3D SKiN: 1,3nH (DCB only)

 Main terminals: 14,5nH !

 It’s not a question of bond wires yes or no

 The question is how to do a good busbar design 
for the load terminals

P. Beckedahl: Ultra low inductance power module packaging, ECPE SiC GaN User Forum 2017
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 SEMIKRON SKiN concept

 Conductive flexible layer for chip top contact and Ag sintering for chip bot contact

 No soldering and wire bonding

 Ag sintering for chip bot contact instead of soldering and wire bonding

 Reduced Rth compared to classic power module

https://www.semikron.com/de/innovation-technologie/aufbau-und-verbindungstechnik/skin-technologie.html

SiC Packaging – Power Modules
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SiC Packaging – Power Modules

Tesla Model 3 power module

 Ag sintered lead frame for chip top contact

 Voltage and current class: 650 V / 300 A

 Topology: SiC MOSFET (half bridge)

 Substrate typ: DBC 

 Epoxy encapsulation

 Die attach: Ag sintering and Al wire bonding

Yole Developpement: Power Module 
Packaging 2018: Material Market and 
Technology Trends report, 2018

http://www.imapsfrance.org/power2018/presentation2018/EVHEV%20Automotive%20Power%20Modules_Inn
ovations%20and%20trends_Barbarini%20Trohadec.pdf
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Hitachi double side cooling concept

 Topology: SiC MOSFET or IGBT + diode (half bridge)

 Molded module with metallic case

 2x heat sink with cooling fins on top and bot

 Cu lead frame for collector, emitter and terminals

 60 % lower loss compared to conventional inverters

SiC Packaging – Power Modules

http://www.hitachi.com/New/cnews/month/2015/09/150928a.html

https://www.systemplus.fr/reverse-costing-
reports/hitachi-double-side-cooling-power-
module-from-audi-e-trons-inverter/
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SiC Packaging – Power Modules

 Highes Voltage

 Up to 6.5kV

United Silicon Carbide 
UJF6560M1
Halfbridge JFET
6.5kV
Real product?

Hitachi MBM450FS33F-C 
Hybrid IGBT + SiC Schottky
3300kV/ 450A
Hitachi HPD²: 10nH
ABB LinPak: 10nH 
Infienon XHP
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SiC Packaging – Enhanced Power Modules

 Low inductance <10nH

Infineon FF11MR12W1M1_B11
9nH

Wolfspeed CREE
CAS325M12HM2
1200V/ 3.6mΩ
AlSiC baseplate
Si3N4 AMB insulator 
62mm
5nH

APEI HAT-3120: 
1200V/ 4.5mΩ/ 225°C

Fuji Electric
1200V 100A
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SiC Packaging – Integrated Solution

 Mitsubishi Powerex PSH20L91B6-A

 SiC 600V/ 20A power MOS plus driver

 Build in protection functions

 Super Mini DIP
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SiC Packaging – Integrated Solution
Main trends for power module assembly

System Plus Consulting: EV/HEV Automotive Power Modules - Innovations and trends, IMAPS 2018
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 Goal: High temperature packaging for high voltage

 Problem: State of the art organic materials do not cover WBG needs

 Solution

 Embedding in ceramic circuit board like DCB, LTCC

 Subtractive laser ablation for extremely fine pitch and cavities

SiC Packaging – Fancy Concepts: 
Ceramic Embedding (Fraunhofer IISB)

MOSFET (flipped)

Schottky Diode
(flipped)

Via in DCB
Ag-Sinter

Via in DCB
Cu-Sinter

500 µm

+
=
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SiC Packaging – Fancy Concepts: 
Embedding by Ceramic Sintering

 New high temperature integration concept by ceramic sintering > 400°C

 Possible due to high temperature capability of modified SiC

 No organics, matched materials, hermetic, low inductive

 All chip surfaces connected thermally, double sided planar electrical 
contact  high thermal flux, high el. current flow

 Less process steps

State of the art

SiC embedding into multi layer ceramic
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SiC Packaging - Summary

 State of the art Si packaging adopted for SiC

 Voltage rating 

 Most 1.2k…1.7kV

 Rare 3.3kV, one 6.5kV

 No trend to higher voltages, unipolar will stop at 3.3-4.5kV

 Current rating

 Full SiC well below 1000A

 Hybrid SiC up to 2000A

 Paralleling of SiC is easily possible, nearly the same current ratings achieved as for Si

 Temperature rating

 Most 150..175°C

 Rare >175°C, max. 250°C

 No trend to higher temperatures so far

 Parasitic inductance rating

 Most >15nH

 First packages with reduced parasitic inductance down to 5nH

 Main focus on static and dynamic losses

 Minor focus on high voltage/ temperature
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GaN Packaging - Manufacturers

 Transphorm

 Texas Instruments

 RFMD

 Panasonic

 VisIC

 EPC

 GaNSystems

 ON Semiconductor

 Navitas

 Infineon/ International Rectifier

 NXP

 Renesas

 EXAGAN

 Quorvo

 MicroGaN/ Diotec

 Fujitsu

 …
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GaN Packaging – Discretes „Transistor Outline TO“

 There is the complete bunch of 
discretes available known from 
the slides before with all kind
of advantages and disadvantages

 Thanks to less current capability
there are smaller packages based 
on SMD on the market

Panasonic 
PGA26E07BA
DFN 8X8
600V/ 56mΩ/ 26A/ 150°C
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GaN Packaging – Discrete Multichip Solutions

Example

 Transphorm TPH3208S

 PQFN8x8 Cascode

 Chip by Chip

 650V/ 20A/ 130mΩ

 Chip Size GaN
2,75mm x 2,75mm = 7,5mm²

 Chip Size Si
0,8mm x 1,75mm = 1,4mm²

 Gold bond wires
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GaN Packaging – Discrete Multichip Solutions

Example

 Transphorm TPH3207WS

 TO247 Cascode

 Chip on Chip

 650V/ 50A/ 35mΩ

 Chip Size GaN
2.8mm x 3.2mm=8.96mm²

 Chip Size Si
1mm x 1.7mm = 1.7mm²

 Additional passive component 
integrated (Damping L in the 
Gate circuit)

 Aluminum bond wires G S D
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GaN Packaging – Discrete Multichip Solutions

 Panasonic PGA26E19BA Hybrid-GiT

 DFN8x8 

 Monolithic integration of 
protection element on the GaN chip

 650V/ 50A/ 35mΩ

 Chip Size GaN
2.2mm x 2.2mm = 4.84mm²

 Chip Size Si
not applicable

 Gold bond wires
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GaN Packaging – Discretes Enhanced

 Current capability is limited

 But switching frequency is high thanks to low semiconductor parasitics

 Packages focuses on the strength of GaN  parasitic inductance
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PCB Embedding

 PCB Embedding by GaNSystems
(GaNPX-Packages)
manufactured by AT&S

 Exceptional low parasitic 
inductance, low gate loop 
and low power loop (0,2nH) 

 Low Rth 0.5..1K/W

 Not suitable for 
high temperatures

 Low lifetime due to high CTE 
mismatch but no bond wires

 But CTE matching to PCB

 Low profile 0.45mm

 Electrical insulation at higher
temperature and voltage
may be problematic

 State of the art reflow soldering
J. Roberts: Maximizing GaN Power Transistor Performance with 
Embedded Packaging APEC2015
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PCB Embedding
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GaN Packaging – Integrated Solutions

Paul L. Brohlin et.al.: The benefits of direct drive for GaN devices are achieving higher 
switching power efficiencies and better system level reliability due to the integration of 
device protections, Texas Instruments;Texas Instruments LMG3410 Datasheet 

 TI LMG3410

 QFN32 Direct drive concept

 Chip by Chip

 600V/ 12A/ 70mΩ

 Chip Size GaN
2.1mm x 5.7mm=11.97mm²

 Chip Size Si
1.3mmx2.7mm=3.51mm² 

 All functionality 
integrated into Si

 State of the art 
reflow soldering
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 Integrated 2xGaN FET + Driver

 Driving issues solved by package

 Exceptional low parasitic 
inductance

 Comparable high Rth,J to Board 16K/W

 Not suitable for 
high temperatures (125°C)

 Lifetime not addressed, 
clear focus on low losses

 No need for underfill

 Board design critical

 State of the art reflow soldering

GaN Packaging – Integrated Solutions

LMG5200
80V/ 10A 
GaN Half Bridge Power Stage
9-Pin 6x8 MOF/ QFM
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GaN Packaging - Summary

 GaN uses new designs!

 Parasitic inductance rating is addressed for gate and load 

 First packages with reduced 
parasitic inductance down to 1..0,2nH
by small current and small outline and
integration

 Main focus on static and dynamic losses

 Minor focus on voltage/ temperature

 GaN may be highly reverse conductive
 no antiparallel diode needed
 simplifies package compared to SiC 

GAN Systems
http://www.gansystems.com/products.php
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Parasitic Inductance of Capacitors

 Massive parasitic inductance 
reduction over the years

 Basic issue solved:
load terminal connection
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