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Introduction



Introduction /

ECPE report on “smart power modules”

Accessible to ECPE principal members

200 pages, 300 references e
Not included here: discussion on future trends l-l I l
https://www.ecpe.org/ o—

This presentation is a literature review, all images and data
belong to their respective owners.
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What is a Smart Power Module?

Intelligent Power Module (IPM)<>Smart power module
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What is a Smart Power Module?

Intelligent Power Module (IPM)<>Smart power module
The following are not considered IPMs here:

e A standard power module with just an additional temperature sensor
Plug-in features which mount on top of power modules

Monolithic integrated power circuits

Integrated power converters (e.g. DC/DC converters)

Very specific devices such as the IGCT
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What is a Smart Power Module? /

Intelligent Power Module (IPM)<>Smart power module
The following are not considered IPMs here:

e A standard power module with just an additional temperature sensor

Plug-in features which mount on top of power modules
Monolithic integrated power circuits
¢ Integrated power converters (e.g. DC/DC converters)
¢ Very specific devices such as the IGCT
IPMs have at least (in a single package):
® 2 power devices
* Some gate driver circuitry
¢ Some additional features (temperature/current sensing, protections. . .)
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Example of a Smart Power Module

Cyril BUTTAY
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X6
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~">< 4

Shunt Resistor

Source: On Semiconductor [1]
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Typical IPM used for motor control (3 phase inverter)
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Review of Existing Smart Power
Modules



Commercial offering of IPMs
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Commercial offering of IPMs
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Commercial offering of IPMs

¢ \oltage/current ratings
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Commercial offering of IPMs

¢ \oltage/current ratings
e Portfolio per manufacturer

Cyril BUTTAY
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Commercial offering of IPMs

¢ \oltage/current ratings
e Portfolio per manufacturer
e Packaging technologies

Cyril BUTTAY
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Commercial offering of IPMs

¢ \oltage/current ratings
. 3 ® No current sensing .
¢ Portfolio per manufacturer 10° 5 Open emitters 1
. . v Internal shunt *
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e Gate drive power supply < NI
(2] 2 4
g1 * %
® * ok
- s *
2 & X
g ¥ v
O 10! 4 A 4 :
¥
100 T -
10! 102 108
Voltage ratings [V]
Cyril BUTTAY Review on Intelligent Power Modules 23/08/2021 5/30



Commercial offering of IPMs

Voltage/current ratings

Portfolio per manufacturer
Packaging technologies
Gate drive power supply
Current sense technology

Cyril BUTTAY

3 ® No temperature sensing
10° 4 Temperature sensor in gate-drive IC

v NTC sensor *
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Commercial offering of IPMs

Voltage/current ratings

Portfolio per manufacturer
Packaging technologies

Gate drive power supply
Current sense technology
Temperature sense technology

-» two broad categories of IPMs:
e <20kVA
e > 20 kVA
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Commercial offering of IPMs /

¢ \oltage/current ratings
. 3 ® 3-phase inverter (inc. w/PFC or brake)
e Portfolio per manufacturer 10° 5 PFC :
. . v Full-bridge (inc. w/ PFC) .
¢ Packaging technologies * Half-bridge BB
. _ + Other bl ;
e Gate drive power supply < e 2
(2] 2 4
e Current sense technology 210 ; $
e Temperature sense technology £ 1 } 8
=}
-» two broad categories of IPMs:  © 191 g ®
4 @
* <20kVA F SR
e > 20 kVA .
- - 0 T T
- Mainly 3-phase inverters Ty 02 0

Voltage ratings [V]
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IPMs in the Scientific Literature — High switching Frequency %ﬂ‘%

half-bridge module

18x18mm? ceramic 600 V GaN Power ICs

aux. devices [IE=
driver supply| &
capacitors -
to pre-driver ||
e Y,
DC-link 7]
capacitor rgg% (r g’
Fow it

Temperature  current
sencar sensor

Source: Jorgensen et al. [2]; Moench et al. [3]; Marczok et al. [4]

¢ Integration of gate driver close to the power chips

¢ Monolithic integration (for GaN power devices)

¢ Low inductance interconnects; control of parasitic capacitances

Cyril BUTTAY Review on Intelligent Power Modules
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IPMs in the Scientific Literature — High Temperature % \

W
¢ Based on SiC power devices (JFETs), for T, = 250 °C or more
¢ Single package for power and gate drives
e Ceramic-based + high temperature resin
e Limits: insulation functions (encapsulation, power/signal insulation)

Quadrant 1 Quadrant 2

Quadrant 3 Quadrant 4

Source: Mc Pherson et al. [5]; El Falahi et al. [6]; Whitaker et al. [7]
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IPMs in the Scientific Literature — High voitage / \

e Also suited to SiC devices

¢ [nsulation coordination between power and drive

¢ Can “mask” unusual device configuration

® Bipolar transistors
® Super Cascode. ..

Cyril BUTTAY

Source: Zhang et al. [8]

Review on Intelligent Power Modules
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“Smart” features



Current SenSing — Some Sensor Types Z\

€ integrated current shunts [9]

Open and closed field sensors [10] =

IGBT sensor [11] Rogowski sensor [12]

Emitter
Smee’ et

Vee (V)

Reg: Shunt Resistor
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Current sensing summary

Fompere

Sensor Bandwidth Sensitivity | Integration Usage Comment

Low | high Sens. | Prot.
Ohm’s law
Shunt DC 10 kHz T Good ++ ++ limited by power dissipation
Interconnect. res. DC 10 kHz T Excellent + ++ Low SNR, high TCR
MOSFET Rps,, DC 100 kHz T, Vgs Excellent + ++ 15T quad. only, very high TCR
Faraday’s law of induction
Rogowski 10 kHz | 100 MHz Fair - ++ No saturation, very fast
Transformer 10 Hz 10 MHz Inc Poor - + Saturation, no conditioning
Interconnect. ind. 1 Mhz 100 MHz T, EMI Excellent - ++ Bias caused by resistance
Magnetic field sensing
Hall (open) DC 10 kHz T, Ext. Field Good + - Slow, sensitive to ext. fields
Hall (closed) DC 10 kHz T Poor + - Slow, saturation of core
Fluxgate DC 10 kHz T, Ext. Field Good + - Slow, sensitive to ext. fields
(X)MR DC 1 MHz T, Ext. Field Good ++ - sensitive to ext. fields
Semiconductor-based
Current Mirror DC 100 MHz T Good + ++ 15T quad. only, sensitive to T
Desat. detection DC 10 MHz T, Vge Good - ++ Mainly suited to IGBTS, coarse

=» Hybrid sensors seem necessary, with Rogowski + field sensors most promising.

Cyril BUTTAY
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Temperature SenSing — Discrete sensors %\

W\

{ ‘\\‘ R e
HoL)
t

Discrete temperature sensors, with or without
electrical isolation [9]

Collector

A A
Temperature
Sensor

On-chip temperature sensor [11]

Emitter
Sense

Emitter
Main
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Temperature Sensing Summary

Fonpire

Sensor

| Time const. | Senses |

Integration | Sig. Cond. |

Comment

Discrete sensors

RTDs 1-10s Tcase Good Simple More expensive than thermistors
Thermistors 1-10s Tcase Good Simple Commonly used in IPMs.
Semiconductor sensor 1-10's Tcase Good Integrated Integrated in gate drive

Integrated sensors

PN junctions 10 s T; Excellent Simple Used for all current-sensing transistors
RTDs 10pus T; Excellent Simple Can use metal layer of power chip
Temperature-Sensitive Electrical Parameters

Miller plateau ampl. 1ms T Excellent Complex " .

Switching timing 1ms Tj Excellent Complex sfz:'(fgrl;/r?gtg;\g}vigg grr]i;;asrameter

Volt. drop across Le 1ms T; Excellent Complex

¢ Integrated sensors required for on-chip current measurement
e TSEP do not seem convenient for temperature measurement outside of lab
® May be used for condition monitoring?

Cyril BUTTAY
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IC technologies /

3 voltage levels required for a gate circuit:
LV: typ. 5V, for logic circuits

MV: typ. 15-20V, for gate control Source Gate  Drain

HV: typ. 650 or 1200V, DC bus voltage :

2 teChnOIogles Siliconsubstmw
BCD (Bipolar CMOS DMOS), on Si bulk, <150 °C

SOl (Silicon On Insulator), can operate >200 °C

15-V pow

Bulk CMOS

Large area for leakage to Substrate

Source  Gate Drain
15

SOI CMOS
T Lot wll Silicon Substrate
15:V powered circuit 5V powered circuit Small area for leakage
— -
i N Source: left Jonishi et al. [13], top Romanko et al. [14]
= | =2 =N =]

B » ;

MV 12
p-isolation HVJIT High-side well HVJT Low-side well
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Control features

Gate drive standard features
¢ Signal isolation
¢ |evel shifter, magnetic isolation, fiber optics
e Power supply
® only bootstrap, no integrated DC/DC available
e Qutput buffer
e Protections

Gate drive advanced features
e Advanced control
e Switching speed control; miller clamp; . ..

microcontroller

VETOPW

sensor
T clectronic

¢ Condition monitoring (currently not implemented)

Source: Herzer et al. [15]
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Matching power device and gate drive circuit %w

§ 4.00E-04 Trade-off of CSTBT
] :‘E s soprjde-oft of CSTBT vt S ccng
. § 3.50E04 —ForiPM
Faster protections thanks to: = sc SoAsue 4 )‘ S R
i = 3.00E-04 L N - ForlPM

® On-chip sensors B T &« | SCSOA=3us

o
. W 2 50E-04 Trade-off of Trench IGBT
e Well defined components > " For IGBT Module
: : e ® 2.00E-04 L SCISOA>10us

e Known circuit parasitics 2 T
§ 1.50E:04 o P \n\ .-
& ‘ﬁ\ﬁ\ﬂ\ <t~y Using Trench|IGBT
£ 1.00E-04 A0 e . FOCTIORTY
E S0l s
£ L%l Using CSTBT Technology
& 500E05 HIrade-off of new CSTBT ™.
5 For IPM "I Using new CSTBT Technology
£ 0.00E400 SC SPA=3us
L 1.00 1.20 1.40 1.60 1.80 2.00

Saturation Voltage V ce(sat) [V] @ J c=200A /cm 2

Source: Majumdar et al. [16] (2007)
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Matching power device and gate drive circuit an

4.00E-04 Trade-off of CSTBT
For IGBT Module
Trade-off of CSTBT
. X SC SOA>10us
. 3.50E-04 —ForiPM
Faster protections thanks to: sc SoAsue 4 )\ Trado-of ofTronch G8T
¢ On-chip sensors sooEos \\ \ \tef' " SC S0A-3us
. \ Trad
e Well defined components Zoomot \ e L For T Modute.
2.00E-04 i SCSOA>10us

e Known circuit parasitics

IRV

Turn-off Switching Energy Density Eoffim [mJ cm 2/p-AZ]

To use “weaker” devices: ] 5SSy Uding Trench|IGBT
] . T ;\@\&"-‘:.;‘ _ M=y, _Technology
® | ess robust to short-circuit T ey " Psing GSTBT Technology
500505 fLrade-off of new CSTBT ™.
e [ ower losses For IPM "I~ Using nelw CSTBT Technology
0.00E+00 SC SPA=3us
1.00 1.20 1.40 160 1.80 200

e Same trade-off for SiC MOSFETs

Saturation Voltage V ce(sat) [V] @ J c=200A /cm 2

Source: Majumdar et al. [16] (2007)
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Packaging Technologies for IPMs



IPM Packaging structures investigated

FWDI IGBT Cuframe

Cuframe & Au Wire
Alwie. pwDiIGBT 1o Auwire CuFrame\ Alwire c Aum\ AlWire FWDi IGBT Ic
Fwpi  1eeT AuWre o

Cu Frame

Al Wire

Insulated thermal radiating sheet

2" Mold resin Al heat soreader 1% Mold Mold resin Cu heat spreader  Mold resin Mold (Cu foil + insulated resin)
Copper fi
Copper frame e

Auminumwire Fwpi 1GBT Goldwire ¢

RC-IGBT

Lead Frame

Cu Wiring Al Wiring Lead Frame
(almm —  ——

Aluminum Wire

I varna - Jnsulation sheet 85D Ceramic (Isolation material)

radiating Siver Wire Adhesive material
Eoppaat st i) iR Dotk Molding resin EMC(Epoxy Molding Compound)
Diode  Direct 1GBT Al Multiple Substrates Encapsulation: gel Lvic, nvic e ction in impedance)
oo \ lead, Solder /  Wire Control Single substrate nca sulation: DP resin = GEr Ewp
c L DU,
_ Heat
Spreader 7Tv\
CuFoil  Sol Insulator ~ Solder Basepl External lead ation path of he
Ty G sl o Lo oil - Solder aseplate Common substrate: Insulated Metal Baseplate i el
(1)Power  (2) Primary (3) signal (5) Through
connector  DC-Link connector  (4/BOCSIEN g yiag
Copperpin  Semiconductor chip _ Power substrate (6) Mold
compound

) Molding resin

! - Sources (from left to right, and top to bottom): [17, 17,17, 17, 18,
g plate coramic 18,19, 20, 21, 22, 22, 23, 24, 25]

Ceramic } substrate
Back copper.
plate

(7a) Through

Ceramic insulating
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Substrates

Lead frame
¢ Most common for low power IPM
e Thermal performance limited by moulding compound

e Ceramic or metal insert for improved thermal performance  source: SH Precision Japan,
https://shpj.co.jp/
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Substrates

Lead frame
¢ Most common for low power IPM
e Thermal performance limited by moulding compound
® Ceramic or metal insert for improved thermal performance  source: sH Precision Japan,
Insulated Metal Substrates & Variants

e Usually poor thermal conductivity

* BN-loaded insulating resin up to 20W - m~' . K-
e Together with thick (=1 mm or more) copper, strong trend.
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Substrates

Lead frame
¢ Most common for low power IPM
e Thermal performance limited by moulding compound

e Ceramic or metal insert for improved thermal performance  source: SH Precision Japan,
https://shpj.co.jp/

Insulated Metal Substrates & Variants
e Usually poor thermal conductivity

Insulating layer

* BN-loaded insulating resin up to 20W - m~' . K-

e Together with thick (=1 mm or more) copper, strong trend.
Ceramic Substrates

¢ Orientation toward thin (2-300 um) ceramics, with thick copper
o Zr-AI203, Si3N4
e More traditional structures for high voltage only (>1700 V)
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Substrates — Trends / \

CopperFoil
(Circuit

it)

Multi-layer and “3D” IMS features for improved thermal _ —
management, low inductance or common mode “thin ceramic/thick copper” DBC structure [27]
shielding [26].

=» overall CTE of organic or inorganic substrates approaches that of copper (16.5 ppm/K).
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Encapsulation /

¢ Many possible candidates
® conformal coatings, volume encapsulants
® Silicone, epoxy, polyimide, parylene, cyanate ester, bismaleimide, inorganic cement. . .

Transfer molding Direct Potting
Higer productivity Higher Design Flexibility

IGBT module NX type

Silicone Gel
Conventional Case-type Package
Small Eackageidize Large Source: Asada et al. [28]
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Encapsulation % =
e Many possible candidates
® conformal coatings, volume encapsulants
¢ Silicone, epoxy, polyimide, parylene, cyanate ester, bismaleimide, inorganic cement. ..
¢ Epoxy most promising for ~ 200 °C
* Coefficient of Thermal Expansion (CTE) matching that of copper
* Higher breakdown field than silicone
® Recycling may become an issue

Transfer molding Direct Potting
Higer productivity Higher Design Flexibility

IGBT module NX type
-

Silicone Gel
Conventional Case-type Package
Small Eackageidize Large Source: Asada et al. [28]
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Encapsulation — trends

B e e SR B B
Developed Structure with
Epoxy Resin, Cu pin connection

1%

|l \ and Sn-based solder

A= ) .
R s ;
\ |

””””””” TN Developed Structure
10° Conventional Structure \ ]‘ with Epoxy Resin, Cu pin

T
I

F - with Silicone Gel, Al wircbonds

[ and Sn-based solder

25 (p

Number of cycles [cycle] @F(t)

(When

Coefficient of Thermal Expansion (ppmK)

Delta of chip junction temperature [K] Source: Horio et al. [29]

e CTE of encapsulant approaches that of copper
e Better reliability reported by Fuji and Mitsubishi, but no third party analysis

® |s it true for thin IGBTs only?
e What about thicker or stiffer (SiC) chips?

Cyril BUTTAY Review on Intelligent Power Modules 20/30



Die attach

Process temperature [°C]

400 1

350 A

300+

250 4

2001 @
°

®ZhAl5
[ ] .
*AGd12
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PbAg2.5,
PbAg55n5 ¢~ QMI-3555

L
Cdznl4 o AUSN20

SACs _e

o SnAg25Sb10

lead-free solders
Non-RoHS solders

100

Cyril BUTTAY
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Maximum operating temperature, assuming Ty = 0.8 [°C]
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* Few high temp, Pb-free
solders
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Die attach

Process temperature [°C]

400 1 ®ZnAl5 W
(] : 55
A2 -
350 Pbe &=
> O
PbAg2.5, Q@ c
PbAg55n5 ¢~ QMI-3555

300 A °
Cdznl44 AUuSN20 ‘
250 SACS‘..’ SnAg255b10 1
[(e] =
) ),
= =
2004 e lead-free solders o o
@ Non-RoHS solders 2 32

100 200 300 400 500 600 700 800

Cyril BUTTAY

Maximum operating temperature, assuming Ty = 0.8 [°C]
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* Few high temp, Pb-free
solders

¢ Cu- or Ag-sintering
excellent replacements

23/08/2021 21/30



Die attach

Process temperature [°C]

400 1 ®ZnAl5 W
(] : 55
A2 -
350 Pbe &=
> O
PbAg2.5, Q@ c
PbAg55n5 ¢~ QMI-3555
300 A °
Cdzn14. AuSn20

250 SACS‘..’ SnAg255b10 1

[(e]
TLPB/TLPS ol o
= =
2004 e lead-free solders o o
@ Non-RoHS solders 2 32

100 200 300 400 500 600 700 800

Cyril BUTTAY

Maximum operating temperature, assuming Ty = 0.8 [°C]

Review on Intelligent Power Modules

* Few high temp, Pb-free
solders

¢ Cu- or Ag-sintering
excellent replacements

e \What about Transient
Liquid Phase Bonding?
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Cooling

a5

—[_Currentcontact’_}—_

"Al thick wire bond

DBC AMB substrate

Gate contact

Liquid— Cold plate

Liquid in

—-JA‘AANHWWG-—

€ Source: Schulz et al. [30]

¢ Many cooling solutions
* |PMs need interface standardisation

DCB subsmnc

Cyril BUTTAY

quuld in

| Fitting | ¢L|J Uﬂ I

DBC :ubsmm

\ﬁuﬁummmmw

Post Wing
Liquid in E—
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Cooling

Cu base plate

Cyril BUTTAY

— Out

\
« Source: Schulz et al. [30] AW
¢ Many cooling solutions
¢ |PMs need interface standardisation
¢ Only two configurations gained

acceptance:
e flat surface for heatsink
e pin fins for direct water cooling

4 Source: Majumdar et al. [31]
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Heterogeneous Integration

Diversity of Fan-Out Packaging

| Embedded Packaging Technologies (EPT) |

Die Embedding in Organic Laminate Di Epoxy Die in Inorganic Materials
Embedded Die* . Fan-Out WLPIPLP® ,Enlarged Die”
I Fan-Out Type I ‘ Fan-Out Type ‘

Fan-nType | [ Fan-outType | Fan-In Type
[ I

[ chip-irst [ chipirst |[ chip-tast | [chipirst | [chipist | [ chip-tast | [ chip-First |[ chip-First | [ chip-Last |
. NA - EMAP (GT PRQ)* WLCSP+ Face-Down AssemblyThose solutions * NA InSilicon - NA
© ECP(ATES) . 75pCL(ATSS) (AmKOUNANIUM) * eWLB 1) canbe + Mold-free
+ SESUB (TDK) * eWLCSP (JCET * aWLP (ASE) categorized FOWLP (MAXIM)
+ ET Solder, Microvia, STATS ChipPAQ) * WLFO as Advanced + eSiFO (TSHT) (b) Internal structure
Flip-Chip (Wuerth) (Amkor/NANIUM) FllpChip
+ i?Board, p*Pack, RCP 2) Technologies: InGl

pPack (Schweizer)
 WFOP (Amkor/)-

* nPLP (Nepes)
+ FOWLP (SPIL)

lass
* GFO (GT PRC)
« FOCLP (ASE)

Devices) + CHIEFS (PT)) + LCCSP (Amkor) .
+ BLADE (Infineon) - SWIFT (Amkor) PCB b dd ‘
" Sens ase FaceUp Asambly 5Lt (Amion embeadin
* BossB2it, B2itPWB . I”';;e'("e;h‘ﬂ‘g@' * RDL-First (IME)

(Dai Nippon) . n + InFO PoP
+ ChipsetT/ ChipletT 3) . ADL(Sinochip, U Mainstream - black
+ EOMIN (Taiyo « SUIT (ilinx, Exceptions - brown

Yuden) :‘.m;;\fypu'm) SPIL) Examples - blue
+ Clover embedded  Tachnology Fusion © FOWFP (Samsung)” HOL (QPL) 1) Infineon, JCET STATS ChipPAC, ST Micro

device * EMIB Si-Bridge (Intel) PIE Chip Middle  * FCMISBGA 2) Motorola/Freescale/NXP/Qualcomm, Nepes

(Unimicron) + HIST/ CMI (GT Int3DSystems)  ePLP (PTI) (sPIL) 3) FlipChip Internationall TSHT, Fujikura
+ MCeP (shinko) - cup (e

EWLP (Imbera)
FOWLP LS (Semco)

Cyril BUTTAY

Source: Steffen Kroehnert
NANIUM, June 2017

.. M 74 Fraunhofer
i
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Conclusion



Summary on Technologies ,}{W

. . Specific .
Devices SIiC MOS sic/icaN | Materials

e Incremental changes to reach

Gate Drive SiCIC Tj = 200'225 OC
Monolithic GaN
# ¢ Very few SiC IPMs on the market

Chip Attach Structure
Sintering .
, ¢ Multi-layer packages
HT Organic/| .
Encapsulation Inorganic/ ® Low parasitics

Ll e Higher integration density

e Thick copper layers

® Package CTE matching that of Cu.
® Thin insulation layers

Substrate

150 14'10 160 12'30 260 220 240
Temperature [°C]
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Conclusion %
W

e Most IPMs target mass markets
® 3-phase inverters for motor control, new topologies may develop, e.g for automotive

® More advanced features (sensors, supplies, etc.) may be required for high-end IPMs
* High power/voltage, SiC-based
* |PMs can “mask” exotic devices/exploit “weaker” devices

¢ Trend towards “organic” packaging:

* |MS substrates, epoxy encapsulation, even for higher power/voltages
* |PM technologies may take advantage of other heterogeneous integration technologies
® Recycling not addressed
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